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PKEFACt: 


Tne  National  Researcn  Coancii's  Conunittee  on  Advanced  Nuclear  Systems 
was  formeJ  or;  2,  19t>2/  by  tne  Energy  Engineering  Boaru  of  the 

Cornssion  on  Engineering  and  Technical  systems.  Its  task  was  to 
survey  tne  technology  of  compact  nigh-energy-density  nuclear  fission 
reactor  systems  and  their  potential  for  application  to  a variety  of 
civilian  and  military  missions.  Tnis  assessment  was  sponsored  by  the 
Departments  of  the  Army,  Navy,  and  Air  Force;  the  Defense  Advanced 
Kesearcn  Projects  Agency;  ana  tne  National  Aeronautics  and  Space 
Administration. 

Nuclear  power  systems  were  tne  object  of  extensive  research  and 
aevelopment  activity  during  the  late  1950s  and  19 >0s.  Tnis  work  was 
abandoned  oy  the  federal  government  in  1971  largely  because  the 
requirements  then  identified  couia  be  iret  at  lower  cost  by  alternative 
tecnr  iiogies.  Touay,  compact  nuclear  fission  systems  arr.  once  again 
being  considerea  by  mission  planners  in  civilian  and  defense 
agencies.  Tne  empnasis  is  on  space  applications,  incluaing 
hign-powerea  communications  and  remote  sensing  systems,  but  other 
possiDle  applications  are  also  of  interest. 

Since  tne  technology  in  question  has  lain  largely  fallow  for  the 
pasc  decaae,  tne  committee  considered  it  appropriate  to  convene  a 
Symposium  on  Advanceu  Compact  Keactor  Systems,  to  help  aefine  the 
issues  ana  permit:  experts  on  tne  technology  to  discuss  with 
policymakers  and  potential  users  the  state  or  tne  technology  and  the 
range  of  potential  applications.  Such  a meeting  was  held  at  the 
National  Academy  of  Sciences  in  Washington,  D.C.,  on  November  15-17, 
1982.  This  proceedings  is  the  recora  of  that  symposium,  containing 
all  unclassified  papers  submittea  by  the  speakers. 

The  committee's  final  report,  commenting  on  the  technology  ana  its 
applications,  will  be  published  in  April  1983.  The  committee  did  not 
attempt  in  its  report  to  present  a detailed  assessment  of  the 
technology  of  nigh-temperature  compact  reactor  syatems;  with  tne  time 
and  resources  allotted  mat  would  nave  been  impossible.  The  comuittee 
was,  however,  able  to  survey  the  technology  and  provide  a framework 
for  structuring  an  effective  research  ana  development  program.  This, 
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che  committee  believes,  is  a worthwhile  contribution.  The 
communication  fostered  by  the  symposium  is  another.  The  committee 
trusts  that  papers  included  in  this  proceedings  will  stimulate  further 
interest  and  study  by  the  technical  community. 

The  symposium  covered  a wide  range  of  suojects,  ranging  from 
current  technology  concepts  to  safety  and  regulatory  issues.  The 
meeting  was  well  attended  and  it  provided  a rare  opportunity  lor  the 
technical  community  to  discuss  the  many  issues  surrounding  the 
question  ot  space  nuclear  power  development. 

The  program  was  organized  by  a steering  committee  composed  ct 
Uarold  Agnew,  Robert  Avery,  Herbert  Goldstein,  Nicholas  Grant,  Harold 
Lewis,  Norman  Rasmussen,  Henry  Stone,  David  Ward,  and  Robert 
Wertheim.  A great  deal  of  the  credit  for  the  success  of  the 
symposium,  in  particular  the  lively  discussion  at  sessions,  belongs  to 
them. 

Tne  committee  acKnowlruges  the  assistance  of  the  staff  of  the 
Energy  Engineering  Board  of  the  Commission  on  Engineering  and 
Technical  Systems.  Duncan  Brown,  the  committee's  Jtaff  Ufticer,  was 
responsible  for  handling  administrative  arrangements,  organizing  the 
symposium,  and  editing  tne  papers  that  form  the  proceedings. 
Administrative  secretaries  Julia  W.  Torrence  and  Regina  F.  Dean 
carried  out  the  word  procei'sing , revising  and  rerevising  many  hundreds 
of  pages  of  highly  tectinical  documents,  with  patience  and  aplomb. 


Junn  M.  Deutcn,  Cnairman 

Committee  on  Advanced  Nuclear  Systems 
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CUPJOilNT  TLCHNOliOGICAL  CONCEPTS 
FOR  SPACE  POWER 


RADIOISgrOPfi  THEHMAL  GflNiiRATQRS 
AND  THfiHMOeUiCTRIC  POWER  CONVKRaiON 


G.  Stapfec 

Jet  Propulsion  Laboratory,  California  institute  of  Technology 
Pasadena,  California  91109 


INTRODUCTION 

The  ponversioM  of  therinal  to  electrical  energy  by  means  of  tae 
thermoelectric  effect  has  been  actively  pursued  since  the  early 
195US.  Although  the  physical  phenomena  that  govern  this  conversion 
process  had  oeen  discovered  and  known  since  the  turn  of  the  last 
century,  practical  conversion  devices  had  to  await  progress  ir 
materials  sciences  before  serious  consideration  for  power  production 
could  be  attempted. 

Althougn  all  elements,  alloys,  and  compounds  exnibit  thermoelectric 
properties,  only  very  few  nave  seriously  been  considered  for  the 
purpose  of  energy  conversion.  Tne  reajon  for  this  becomes  apparent 
when  the  basic  properties  that  govern  thermoelectric  conversion  are 
considered.  The  usefulness  of  a material  for  thermoelectric 
conversion  is  dictaten  by  three  Oosic  material  properties:  the 

Seebeck  coefficient,  tne  electrical  resistivity,  and  the  thermal 
conductivity,  all  of  whicn  concrioute  to  make  up  the  so-cailed  figure 
of  merit  ^ « Of  ^/pk. 

The  conflicting  and  interuependent  requirements  of  high  Seebeck 
c -efficient,  low  resistivity,  and  low  thermal  condnetivity  impose 
severe  limitation  on  cnoice  of  materials.  Tne  Seebeck  coefficient  was 
discovered  and  reported  by  its  namesake  Seebeck,  in  1822-lUk3.  This 
work  was  further  augmented  by  the  watchmaker  Peltier  in  1834. 
however,  it  took  a hun  ired  years  before  Joffe,  in  1929,  first  outlined 
the  advantages  of  thermoelectric  generators  made  of  semiconductors. 
Sven  Joffe's  work  was  mostly  ignored  until  1956,  when  after  having 
been  translated  it  became  the  foundation  for  research  in  the  Western 
scientific  world.  Thougn  the  thermoelectric  technology  has  come  a 
long  way  since  the  days  when  science  was  made  between  successive 
Mondays  (the  day  the  Academy  of  Science  would  sit  in  Paris) , in  many 
ways  it  is  still  a growing  technology  whose  time  has  yet  to  come. 


The  research  described  in  this  paper  was  carried  out  by  the  Jet 
Propulsion  Laboratory,  California  Institute  of  Technology,  under  a 
contract  with  tne  National  Aeronautics  and  Space  Administration. 
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£ARLY  RTG  SYSTEMS i SNAP-3  TUKOUGU  SNAP-ii 

Radioisotope  thermoelectric  generators  (RTGs)  were  initially  developed 
as  part  o£  the  Systems  for  Nuclear  Auxiliary  Power  (SNAP)  program,  in 
which  all  of  the  odd-numbered  power  plants  referred  to  isotope- fueled 
systems,  while  the  even  numbers  were  reserved  for  reactor  systems. 

The  initial  thermoelectric  conversion  systems  reacned  their  peak  in 
tne  late  1950s  ana  early  1960s.  Most  of  these  systems  used  the  "lead 
telluride  technology."  This  nomenclature  was  and  remains  a misnomer. 
Lead  telluride  material  consists  of  lead,  tellurium,  bismuth,  tin, 
antimony,  etc.  The  promise  of  this  power  source  was  being  proposed 
for  many  serious  space  exploiav.ions.  For  example,  the  SNAP-11  system 
was  at  one  time  considered  the  primary  power  system  for  the  lunar 
Surveyor  spacecraft  series.  It  utilized  a ratner  short-lived 
radioisotope,  which  required  considerable  power  flattening.  This  was 
accomplished  by  a thermal  shutter  of  the  isotope  fuel  cavity  that 
would  be  open  at  tne  beginning  of  the  mission  (BOM)  and  close  toward 
the  end  of  the  mission  (EOM) . An  actual  generator  (SNAP-11)  is  shown 
in  Figure  1.  This  generator,  electrically  heateu,  was  the  first  of 
many  potential  thermoelectric  technologies  tested  at  the  Jet 
Propulsion  Laboratory  (JPL)  during  the  early  1960s.  Unfortunately, 
nost  of  the  work  in  thermoelectric  generator  development  during  this 
period  was  classified.  This  ensured  conti’~"ati.on  of  funding  but  was 
detrimental  to  tne  further  development  of  therroelectric  generators, 
since  it  limited  tne  distribution  and  critical  evaluation  of  the 
available  Oa-a. 


INITIAL  SUCCESSES  AND  FAILURES 

Even  as  tne  early  application  of  RTGs  resulted  in  failures,  the  1960s 
saw  the  first  blossoming  of  thermoelectric  generators  for  space 
application.  Two  series  of  SNAP  generators  were  developed  by  the 
Atomic  Energy  Coounission  (AEC)  and  were  designated  the  SNAP-19  and  che 
SNAP-27  series  generators.  Both  of  these  utilized  lead  telluride 
technology.  The  initial  versions  of  SNAP-19  generators  were 
successfully  employed  on  the  Nimbus  spacecrafts  (weather  satellites) . 

A subsequent  version  of  the  SNAP-19  was  emplv'^yed  by  the  early  Pioneer 
deep-space  missions.  This  generator  was  principally  developed  by  the 
Teledyne  Systems,  Inc.,  and  is  shown  in  Figure  2.  It  basically 
consists  of  the  radioisotope  heat  source  238pu  contained  in  a vessel 
designed  to  withstand  impact  reentry  (in  case  of  an  abortive 
mission) . Since  the  lead  telluride  material  was  not  able  to  be 
metallurgically  bonded  to  a hot  shoe,  pellets  of  N and  P legs  were 
pressed  through  a piston  and  spring  arrangement  against  the 
isotope-containing  hot  frame.  Thermal  mismatching  between  the 
radioisotope  and  the  thermoelectric  material  required  that  most  of  the 
isotope  heat  source  be  surrounaed  by  thermal  insulation. 

Accommodating  this  thermal  mismatch,  coupled  with  the  low  operating 
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temperatures  and  excacerbated  by  the  mechanical  contacting 
arrangements,  resulted  in  rather  low  system  efficiency. 

A modification  of  this  technology  provided  the  power  source  for  the 
scientific  experiments  (ALSriP)  left  on  the  lunar  landing  sites  by  the 
Apollo  astronauts.  Tnis  tecnnology  was  designated  the  SNAP-27  senes 
and  was  developea  by  the  A£C  at  General  Electric  (GE)  and  the  3M 
Company.  Figure  3 shows  the  fueling  of  this  generator  by  the 
astronaut  on  the  lunar  surface.  The  ability  to  separate  the  isotope 
fuel  from  the  generator  during  launch,  tnus  providing  a separate 
reentry  vehicle  (Apollo  13) , was  essentially  responsible  for  the 
advantages  of  this  system. 


DEVELOPMENT  DURING  THE  SEVENTIES 

During  the  1970s  two  separate  thermoelectric  material  systems  came  of 
age:  a modified  lead  telluride  system  and  tne  silicon-germanium 

(SiG^)  system.  The  lead  telluride  system,  modified  and  improved  by 
the  development  of  a TAGS  (tellurium,  silver,  germanium,  tin)  segmenc, 
resulted  in  lower  specific-mass  systems.  Missions  such  as  the  Viking 
Mars  Lander  successfully  utilized  this  technology.  The  ' ifetime 
requirements  for  this  type  of  mission  (1-2  years)  enabled  these 
systems  to  function  at  reasonaoly  high  operating  temperatures 
(aoout  500°C)  provided  that  an  inert  atmosphere  of  noble  gases  (to 
reduce  the  detrimental  effects  of  sublimotion)  could  be  maintained 
witnin  the  generator  throughout  tne  mission  lifetime.  Figure  4 
depicts  a SNAP-19  generator  of  this  type  that  was  evaluated  and  life 
tested  at  JPL  for  the  Viking  Mars  Lander  mission. 

As  noted  above,  the  success  of  this  generator  depended  on 
maintaining  hermeticity.  A new  version  of  generator  systems  designed 
to  operate  in  the  natural  vacuum  environment  of  outer  space  was 
developed  by  General  Atomic.  This  system — Transit — developed  for  and 
used  by  the  Navy,  lowered  the  operating  tenqperatures  of  the  lead 
telluride  to  aoout  400°C  but  incorporated  a segmented  leg  of  oismuth 
telluride  for  the  colder  portion.  This  combination  of  thermoelectric 
materials,  coupled  by  a breakthrough  in  bonding  to  the  lead  telluride 
tK>t  leg,  resulted  in  a radiatively  coupled  system.  Figure  5 shows  one 
of  the  two  generators  that  were  evaluated  at  JPL  for  over  4 years  of 
operation. 

Tne  developiiient  of  the  silicon-germanium  cechnology  combined  the 
radiative  heat  transfer  system  and  high  operating  temperatures 
(1000*^0  witn  vacuum  operation.  This  thermoelectric  material  nad 
been  under  development  since  the  1960s,  yet  its  operation  had  oeen 
restricted  to  the  available  fuel  temperature  (about  500^0  . The 
SNAP-lOA  is  a typical  example  of  the  low-tenqperature  SiGe  technology 
application.  The  successful  metallurgical  bonding  of  this  system  led 
to  the  development  of  the  "Air- Vac  couple"  by  Radio  Corporation  of 
America  (RCA) . As  implied  by  its  name,  it  could  operate  equally  w^ll 
either  in  air  or  in  a vacuum.  During  this  time  (early  1970s)  the 
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requirementa  foe  a iong-terD-performance  conversion  systen  evolved 
from  the  Tderaoeiectric  Outer  Planet  System  (TOPS)  studies  that  were 
needed  for  the  Grand  Tour  missions,  then  under  consideration  by  NASA. 

In  an  attempt  to  eliminate  the  high  cost  associated  with  a specific 
mission-designed  and  dedicated  RTG,  the  concept  of  a multihundred- 
watt  (MUW)  RTG  was  adopted.  Its  aim  was  to  develop  an  RTG  with  an 
electrical  output  power  of  about  100  W.  Mission  designers  could  then 
use  one,  two,  three,  or  more  identical  RTGs  depending  on  the  specific 
need  of  the  mission.  The  basic  thermoelectric  couple — the 
unicouple — that  bec£une  the  building  block  for  this  generator  is  shown 
in  Figure  6.  The  combination  of  this  un..couple  concept  with  the 
then-designed  MHW  heat  source  is  snown  in  Figure  7.  Three  nundred 
twelve  unicouples  (each  producing  about  0.5  W of  electricity)  make  up 
a generator  producing  150  H at  the  beginning  of  a mission.  Two 
experimental  spacecraft  for  the  Air  Force  (L£S  8/9)  and  botn  NASA/JPL 
Voyager  spacecrafts  are  powered  by  this  type  of  generator,  which  was 
developed  by  G£/RCA  under  the  auspices  of  the  Knergy  Research  and 
Deveiopnent  Administration. 

To  date,  the  performance  of  these  RTGs  has  net  every  expectation. 
After  more  than  4 years  of  flight  operation,  the  performance  of  these 
RTGs  is  within  less  than  1 percent  of  the  predicted  values  (Figure  8) , 
and  all  indications  are  for  continued  norsMl  behavior. 


BEYOND  THE  SILICON-GERMANIUM  SYSTEM 

Two  material  systems  had  ween  proposed  and  investigated  to  improve 
upon  the  SiGe  system.  The  first  of  these,  known  as  the  salenide 
system,  was  principally  developed  by  the  3M  Company.  Basically,  its 
promise  was  an  increase  in  conversion  efficiency  over  that  of  SiGe. 

It  projected  a significant  improvement  in  the  mass/power  ratio  and 
thus  was  selected  for  the  principal  converaion  option  for  the  Galileo 
spacecraft,  as  the  data  base  for  this  technology  increased  beyond  the 
initial  stages,  it  became  apparent  that  the  reduced  temperatures  that 
were  required  to  maintain  long-term  operation  lowered  the  per fori ince 
of  this  system  to  below  that  of  silicon-germartium.  Thus  its  further 
development  was  aborted,  and  the  MHW  silicon^ermanium  unicouple, 
coupled  with  an  i^>roved  (modular)  heat  source,  was  adopted  for  the 
Galileo  (as  well  as  the  International  Solar  Polar)  mission.  The 
abortive  development  of  the  selenide  system  does  point  out  the 
necessity  of  a thorough  thermoelectric  material  characterisation  and 
evaluation  program  prior  to  committing  to  a flight  developswntal 
program.  It  is  also  indicative  of  the  long-term  investment  required 
in  developing  a new  thermoelectric  material  system,  which  typically 
takes  10  years 
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CURRENT  THERHOELBCTRIC  TECHNOLOGY  RESEARCH 

The  current  theriBoeiectric  CT^teriais  technology  research  can  be 
classified  into  two  areas t (1)  the  short-term,  modest  improvements  of 
existing  systems  and  (2)  the  long-term,  potential  gains  promised  by 
new  material  systems. 

The  first  category  consist^  essentially  of  improvements  in  the 
current  state-of-the-art  SiGe  system.  This  can  be  accon^lished  either 
by  increasing  the  operating  temperature  or  by  increasing  tne  basic 
figure  of  merit.  Figure  9 illustrates  the  relationsnip  of  the  figure 
of  merit  with  conversion  efficiency,  which  can  be  approxiuted  by  the 
area  under  the  curve.  The  concept  of  increasing  the  figure  of  merit 
by  modifying  the  binary  SiGe  solid  solution  was  first  proposed  by 
Syncal  Corporation  (now  TECO)  and  was  actively  pursued  under  NASA/JPL 
sponsorship.  The  performance  of  the  current  SiGe  system  is  limiteu  by 
two  basic  phenomena:  (1)  the  long-range  oraer  of  tne  SiGe  lattice, 

wnich  results  in  a large  theruial  conductivity  aue  to  tne  lattice 
contribution,  and  (2)  the  limited  solubility  of  dopants  within  the 
solution  of  silicon  and  germanium,  which  prevents  the  free  current 
carrier  concentration  from  being  increased  to  optimal  conditions. 

Tne  initial  investigations  showed  that  additions  of  gallium 
phosphide  (GaP)  did  indeed  affect  both  of  the  paraMters  in  question: 
The  thermal  conductivity  of  the  solutions  containing  GaP  exhibited  a 
reduction  of  thermal  conductivity  due  to  increased  lattice  scattering; 
also,  an  increased  dopant  concentration  (decreased  Seebeck  coefficient) 
was  realized.  Although  no  optimization  has  been  performed,  an 
increase  in  the  figure  of  merit  by  about  20-25  percent  is  a distinct 
possibility.  Added  to  this  improvement  of  the  figure  of  merit  is  the 
use  of  better  vapor  suppression  coatings  and  differing  geometry  and 
silicon  to  germanium  "atio.  This  combination  could  potentially 
provide  for  an  increase  in  operating  temperature  of  about  100^. 

The  success  of  both  approaches  will  result  in  a substantial 
performance  improveiMnt  over  the  current  systems. 

In  the  second  category  of  technology  research  is  the  development  of 
cosipletely  new  types  of  materials.  These  materials,  in  general  do  not 
abide  by  the  conventional  or  classical  behavior  for  semiconductors. 
Generally,  these  material  systems  fall  into  one  of  two  categories: 
tne  rare  earth  chalcogenides  (La2S3  for  example)  and  tne  boron 
cart  ides  (Bj^3C2  for  example)  . Botn  of  these  material  systems 
exhibit  intriguing  behavior  of  thermoelectric  properties.  These 
properties  have  the  potential  of  at  least  doubling  the  present 
conversion  efficiencies.  Efforts  by  NASA/JPL  have  concentrated 
exclusively  on  tnese  materials  for  the  past  year.  DOE  also  nas  a 
small  program  in  this  area.  It  is  important  to  realize,  however,  that 
althougn  muen  can  be  gained  from  successful  developoient  of  these  new 
types  of  laaterials,  developmental  efforts  extensive  in  both  time  and 
resources  are  required  to  obtain  these  gains. 
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THSM0KX.CCTR1C  OUNVBitSlOII  FOR  RBACTOR  SPACE  POWER 

Th«  use  of  Uieraoeiectrlc  conversion  for  reactor  space  power  is  novel, 
and  it  is,  after  all,  the  "only  proven*  conversion  system.  This 
paradox  is  borne  out  by  the  chronriogy  of  thermoelectric  conversion; 
the  first  and  only  reactor  system  in  the  United  States  (SNAP-lOA) 
utilized  thermoelectric  power  conversion.  Yet  since  these  inaugural 
de,  , tbermoelectric  conversion  for  reactors  has  consistently  been 
rejected  because  of  its  "low  conversion  efficiency."  For  most  reactor 
systems  in  the  intervening  years  the  use  of  either  theraionics  or 
dynamic  conversion  systems  such  as  Brayton  has  been  proposed.  Not 
until  recently  has  tnermoelectric  conversion  been  seriously  considered 
for  reactor  power.  It  is  still  considered  a "low  efficiency* 
conversio  system;  its  strength,  however,  lies  in  its  potential  for 
improvement  as  well  as  its  being  a "low  risk*  option  using  current 
techiwlogy . 

The  current  flight-qualified  materials  technology  can  be  developed 
to  provide  a baseline  power  system.  As  improved  materials  do  become 
available,  they  can  be  incorporated  into  the  power  system  without 
significant  design  impact.  Developins'  advanced  thermoelectric 
materials  provides  the  potential  options  for  lower  system  mass.  This 
is  shown  in  Figure  10,  which  relates  tne  total  matrs  of  a reactor  space 
power  system  to  the  operating  temperatures  and  twwnnology  levels.  The 
use  of  advarced  materials  also  will  result  in  a smaller,  lower  volume 
system,  in  addition  to  the  mass  benefits. 


OONCLUSIOM 

Alcnough  this  paper  was  by  no  means  intended  to  be  a cosqilete  nistory 
of  thermoelec tries  in  space,  the  use  of  thermoelectric  conversion  for 
space  power  nas  successfully  been  aemonstratad  over  the  past  decades. 
Increaseu  conversion  efficiency  and  temperature  operation  are  both 
areas  that  will  lead  to  improved  performance.  Both  of  tnese  areas  an 
presently  being  pursued  through  national  laboratories  and  industry. 
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Later  version  of  SNAP-19  generator  used  by  early  pioneer  deep-space 


FIGURE  3 SNAP-27  generator  being  fueled  by  astronaut  on  lunar  surface 
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FIGURE  4 SNAP-19  generator  using  lead  telluride  technology. 
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FIGURE  6 RTG  unicouples 


CONVERSION  EFFICIENCY 
IS  PROPORTIONAL  TO 
THE  AREA  UNDER  CURVE 
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Improvement  of  thermoelectric  conversion  technology. 


A NBW  GENERATION  OF  REACTORS  FOR  SPACii  POWER 


J.  £.  Boudreau  and  D.  Buden 
Los  Alamos  National  Laboratory 
Los  Alamos,  New  Mexico  87545 


ABSTRACT 

Space  nuclear  reactor  power  is  expected  to  make  possible  many  new 
space  missions  that  will  require  power  levels  up  to  several  orders  of 
magnitude  higher  than  that  of  tne  largest  power  source  flown  in  space 
to  date.  Power  in  the  lOO-kM(e)  range  may  be  required  in  hlgh-earth- 
orbit  spacecraft  and  planetary  exploration.  The  technology  for  this 
power  system  range  is  under  development  for  the  Department  of  Energy, 
the  Los  Alamos  National  Laboratory  oeing  responsible  for  the  critical 
components  in  the  nuclear  subsystem.  (The  Jet  Propulsion  Laboratory 
is  responsiole  to  the  National  Aeronautics  and  Space  Administration 
for  the  electrical  power  conversion  subsystem  development.)  The 
baseline  design  tor  this  particular  nuclear  subsystem  technology  is 
described  in  this  paper;  additionally,  reactor  technology  is  reviewed 
from  previous  space  power  programs,  a preliminary  assessment  is  made 
of  technology  candidates  covering  an  extended  power  spectrum,  and  the 
status  is  given  of  other  reactor  technologies. 


ESTIMATES  Of  REQUIREMENTS 

Space  technologies  are  being  developed  at  Department  of  Defense  (DOD) 
and  National  Aeronautics  and  Space  Administration  (NASA)  facilities 
for  advanced  systems  of  conmu meat ions,  surveillance,  electronic 
countermeasures,  and  electrical  propulsion.  These  systems  require 
tens  to  hundreds  of  kilowatts  of  power.  Space  nucleir  reactor  power 
plants  can  meet  the  needs  of  potential  missions,  and,  because  of 
launch  weight,  survivability,  and  otner  considerations,  can  maxe  the 
fielding  of  practical  spacecraft  possible,  because  associated 
spacecraft  designs  continually  evolve,  generic  missions  nave  been  used 
to  specify  space  nuclear  reactor  power  plant  requirements. 

In  1977,  generic  criteria  were  specified  as  tne  result  or  a ]oint 
Energy  Research  and  Development  Administration  (now  Department  of 
Energy  (DOE))  and  DOD  study.  These  criteria  were  refined  in  1982, 
when  NASA  planetary  missions  were  assessed.  Table  1 summarizes  tnese 
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TABLE  1 Space  Nuclear  Reactor  Power  Plant  Design  Criteria  for 
lOO-kW(e)  Systems 


Ccltacla 

U77  OOD 

■r-XOO  functioaaX 
■BaalrMatafi 

Somr  output,  ond  of  liCo 

fo  ISO 

XOO 

LlfotlM  (yt) 

Pull-pouoc  oporatton 

7-XO  la  facayachcoua 

7 

Syatw  lifa 

3-5  la  liofe 

XO 

SiUabillty 

Daai9it-catad  powai  (paccant) 

ts 

B0£  (95) 

U>aa  of  doalga  powac 

Paaoc  BO  alagXa- 

Bo  aXagXa-poiat 

point  faiXuraa 

faiXoca 

Safaty 

Mua,  amm.  oao 

Safaty  9uldaXlaaB 

lucTiaabiXlty 

micXaac 

JCiS  ocXtacla 

Xt  ecitaria 

Otbac 

muB-4£ 

Sadlatloa  at  BO  (2S  a)  diataaoa 

Mautron  fXuanea  (nat) 

X0l3  (foe  7 yc) 

BD(X0l»-X0l^) 

Camaa  doaa  (rada) 

XO^  (foe  7 yr) 

BO(XO^X07) 

Maaa  (w/o  powac  diatcibutloo)  (kp) 

x.txo 

BO  (2,000-3.000) 

*Buden  and  Stocky  (1982) . 

^LBO,  low  earth  orbit. 

2tbd,  to  be  determined. 

^CS,  Joint  Chief  a of  Staff. 

*SHATH,  aatellita  materials  hardening. 
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criteria;  they  form  the  basis  for  design  selection  use  in  the  Space 
Power  Advanced  Reactor  (SPAR)  program  (a  predecessor  of  SP-lOO)  and 
the  goals  for  the  current  SP-100  critical  technology  program.  The 
SP-100  is  being  d<^aigned  to  be  coapatible  with  the  Space  Shuttle  and 
associated  orbital  transfer  stages.  A continuing  activity  will 
further  refine  these  criteria  before  any  commitment  to  ground 
engineering  system  tests  is  made. 

Table  2 presents  a summary  of  UOD  potential  high-power  requirements 
as  presented  at  the  Space  Prime-Power  Conference  in  February  1982. 
Those  above  the  dashed  line  are  planned  to  be  used  to  refine  the 
SP-100  requirements  given  in  Table  1.  Other  papers  in  these 
proceedings  will  address  some  of  these  missions  in  more  detail.  In 
the  next  section,  we  will  discuss  how  the  mission  requirements 
influenced  our  SP-100  design  selection  and,  tnerefore,  how  major 
modifications  to  the  requirements  could  alter  the  final  decisions  on 
which  reactor  technology  should  be  pursued. 


REACTOR  TECHNOLOGY  BACKGROUND 

An  extensive  space  reactor  development  program  existed  in  the  United 
States  from  1955  to  1973.  Since  then,  research  and  development 
efforts  have  been  con^^cted  on  a limited  basis.  These  activities  are 
summarized  below  and  in  Table  3. 


Reactor  Core  Development 

The  most  extensive  fuel  development  efforts  took  place  during  the 
years  1965  to  1973.  Tne  two  areas  receiving  greatest  emphasis 
included  uranium-zirconium  nydride  fuel  for  the  Systems  for  Nuclear 
Auxiliary  Power  (SNAP)  pregram  and  coated  uranium  carbide  fuel 
elements  for  the  nuclear  rocket  (Rover)  program.  The  former  qualified 
fuel  elements  for  10,000  hours  at  a 975  K operating  temperature  using 
the  liquid  metal  NaK  as  the  core  coolant.  The  latter  operated  for  2 
nours  with  hydrogen  gas  coolant  at  2450  K.  Both  were  demonstrated  in 
full  reactor  core  tests.  In  addition,  much  work  was  done  on  other 
fuel  elements.  These  included  uranium  oxides,  carbides,  and  nitrides 
in  tests  from  2,500  to  12,500  hours.  For  instance,  for  reactors 
cooled  by  liquid  lithium,  uranium  nitride  fuel  elements  were  tested  at 
1350  K for  up  to  6,000  hours;  gas-cooled  uranium  dioxide  cermet  fuel 
elements  were  tested  at  1800  K for  up  to  2,400  hours;  and 
thermionic-uranium  dioxide  fuel  elements  were  tested  at  1960  K for  up 
to  12,500  hours. 

These  various  fuel  element  test  results  are  plotted  in  Figure  1 and 
snow  that  a variety  of  fuel  elements  covering  a range  of  tesperatures 
appear  feasible  for  10,000-hour-life  systems. 

Current  space  system  forecasts  predict  requirements  for  reactor 
cores  lasting  for  60,000-80,000  hours;  the  technology  base  for 
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TAaLB  2 000  Potantial  Ulfb-Fowar  MaquirsMnts 


Application Power  Laval 
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Janaara 
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Particle  baaa 
Advanced  concapta 
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100  AN 
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10-100  MN  pulsed 
lO-lOP's  NW  pulsed 
1-100's  NN  pulsed 


Serrv,  orbital  transfer  vehiclei  MSP#  nuclear  electric  propulsion. 
^URCE:  Goben  (1902) . 


terrestrial  nuclear  power  plants  wight  also  be  useful.  For  such 
lifetines,  neat  pipe  reactors  such  as  SP-100  way  eapxoy  uncoated 
uraniua  dioxide  fuel*  while  for  fluidised  bed  reactors, 
coated-perticle  fuels  developed  for  high-tenperatura  gas-cooled 
reactors  are  being  considered.  These  nave  deaenstrated  28,000 
operating  hours  (ParAer,  1982). 

Coatings  for  fuel  elaawnts  act  as  (1)  a chenical  batrier  between 
the  fuel  and  the  coolant  and  (2)  a physical  erosion  barrier.  A good 
coating  naterial,  besides  being  cneaically  ccapatiblc  with  the  fuel 
and  coolant,  should  have  good  high-teaperature  stability  and  watch  the 
therwal  coefficient  of  expansion  of  the  fuel.  Sows  coatings  are  given 
in  Table  4. 

Core  cewponant:  such  as  the  support,  periphery,  and  enclosures  are 
difficult  to  gentraliae  because  they  usually  are  unique  to  a 
particular  design.  Gae-cooled  reactors  usually  operate  at  relatively 
high  pressures  and  thus  require  wore  wassive  support  systews. 
Liquid-wetal-cooled  reactors  usually  operate  at  low  pressure,  but 
corrosion  and  erosion  are  wore  of  a concern.  Beat-pipe-cooled 
reactors  require  a fluid  containwent  structure  within  each  heat  pipe 
and  avoid  the  therwal-nydraulic  interaction  probxews. 


Aeflector  and  Control  Asaewblies  Oavelopwent 

Berylliuw  has  been  used  as  the  reflector  water ial  for  a nuwber  of 
space  reacUira.  Various  arrangements  of  wovable  elewents  have  been 
used  in  the  reflector  for  reactivity  control.  These  vary  frow  sliding 


TABLE  3 Principal  U.S.  Space  Nuclear  Reactor  Programs 


TABLE  3 Principal  U.  S.  Space  Nuclear  Reactor  Programs  (continued) 
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TABLE  4 Pu«i  Bisaant  Ooatinga 


Fuel 

Reactor 

Coolant 

Coating 

Teaperature  (E) 

U-frU 

SNAP 

NaE 

Haatelloy  N 

1035 

UC2 

Rover 

H2 

NbC,  ZrC 

2700 

UO^ 

SPAK/HP-lOO 

Li,  Na 

Mo-138  Rei 

2200 

U02 
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Ueon 

T-lil 

H-30-R*-30-«0 
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UN 

SNAP-50 

Li 

Cb-1  lr-0.090  C 

1350 

1500 

UO2,  uc 

In-core 

thernionica 

W 

2200 

pip*  wail  saparat**  fual  fcoai  b*at  tranaport  fluid. 


blocka,  to  rotatabl*  half  cyclindora,  to  rotatabl*  druaa  with  poiao^. 
a*9Mnta.  All  uaa  aoaa  £on  of  actuator  for  BovaMnt  of  th* 
raactivity  control  alaaant  and  raquir*  baaringa  in  tha  aovaol*  aaabar. 

Tha  longast  operational  tiaaa  for  barylliua  raflactora  war* 
axpariancad  in  raactora  fualad  with  uraniuB-sirconiuai  hydrida.  Thaa* 
raflactora  wara  coolad  by  MaK  liquid  natal.  Tha  SNAP-8  Davonatration 
Raactor  (S8DR)  raacnad  a nautron  doaa  of  1 x lO^O  nvt  and  a gaana 
doaa  of  1 X 10^^  rada  (Norton  and  Eurxaka,  1982) . During  ataady 
atat*  conditionar  tn*  raflactor  oparatad  at  around  600  E.  Th* 
barylliia  waa  anodixad  to  provide  oxidation  protection  and  eeittance 
enhancanent.  In  a l-y*ar  vacuuai  teat#  tha  raflactor  drive  operated 
aatiatactorily  with  no  aigna  of  aelf-weloing  or  aticking  of  any 
coNponant.  Baaringa  of  i aolld  carbon-graphite  ball  (Pigur*  2) 
opet«nad  auccaaafully  for  7,000  hour*  in  tha  BiDR  raactor  taat.  Pour 
individual  bearing  aeta  coepla^ed  12r000  houra  of  vacuuai  tearing  at 
895  K and  1.3  x 10~^  Pa  or  lower  and  altogetner  iiccuaulatad  over 
100,000  teat  houra. 

Space-qualified,  long-life  control  actuatora  were  noat  hignly 
developed  in  the  SNAP  progran.  Succeaaful  operation  of  actuatora  waa 
denonalrated  in  reactor  ayateaw  (Oonelan,  1973) i 


Proqran 

SNAP-lOA  ground  teat 
SNAP-lOA  flight 
S8DR 


Actuatora 


Houra  of 
Operation 
10,000 
1,000 
6,400 


2 

2 

6 
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The  SNAP-iOA  actuators  were  designed  to  provide  8.5  N-cn  torque  at 
615  K;  S8DK,  26.1  H-cm  of  torque  with  a position  of  0.41°  at  810 
K.  In  developnent  testing,  one  of  the  S8DK  units  was  testea  for  over 
20,000  hours  without  failure. 


Shielding  Tecnnology 

The  longest-life  demonstration  of  space  shielding  technology  is 
associated  with  the  SNAP  program.  Similar  technology  can  be  applied 
to  a space  reactor  within  the  operational  constraints  of  the 
materials.  For  SNAP-IOA,  five  cold-pressed  lithium  hydride  (hiU) 
shields  were  fabricated.  One  was  used  in  the  SNAP-IOA  flight  and 
another  in  the  FS-3  ground  test.  The  latter  successfully  operated 
some  10,000  nours  as  part  of  the  reactor  test  assembly.  Visual 
examination  of  the  LiU  block  following  the  con^letion  of  the  test  on 
March  15,  1966,  showed  only  slight  surface  darkening  and  one  (out  of 
eight)  broken  Hastelloy  spring.  The  spring  failure  was  attributed  to 
fatigue.  Dimensional  SMaaurements  of  the  LiH  block  revealed  that  it 
remained  witnin  the  accuracy  of  the  measurement  (+1.2  percent).  Also, 
the  latcice  parameter  and  density  of  LiU  samples  removed  from  the 
block  were  found  to  agree  very  well  with  the  unirradiated  LiU  values 
(Keshesnian  et  al. , 1973).  Activation  analysis  of  the  stainless  steel 
vessel  indicated  fast-neutron  fluence  of  2.6  x 10-^^  nvt  at  the  top 
of  the  vessel  and  8.9  x 10^^  nvt  at  the  bottom  of  the  shield. 
Thermal-neutron  fluences  of  4.9  x .0^^  and  3.8  x 10'^^  were 
measured  at  the  top  and  at  the  bo'i^t*^  of  tiie  chi'^ld,  respectively.  It 
was  concluded  mat  the  coxd-preseed  LiU  block  withstood  tne  rigors  of 
me  reactor  experismnt  without  noticeable  dasiage,  but  improved  support 
was  needed  to  avoid  damage  during  launch. 

Bvaluation  of  the  methods  for  fabricating  LiH  shield  shapes  led  to 
a melting  and  casting  process  instead  of  the  coid-presaing  and 
machining  methods,  by  Mans  of  this  faster,  cheaper,  and  more 
versatile  process,  more  structurally  reliable  shields  could  be 
fabricated  because  me  LiU  could  be  solidified  in  the  shield  vessel 
intimately  surrounding  all  internal  structural  members,  penetrations, 
etc.  Also,  in  SNAP-8,  me  substitution  of  lithium  enriched  with  the 
^Li  isotope  reduced  the  nuclear  aeating  in  the  shield.  This  was 
done  in  only  a segMnt  ol  me  shield  to  reduce  cost.  The  shield 
assembly  is  shown  in  Figure  3.  In  tne  7,000-hour  SNAP-8  test,  the  LiU 
shield  was  exposed  to  a maximum  fluence  of  approximately  10^^  nvt 
and  to  tas|>eratures  ranging  from  365  to  500  K.  Post-test  evaluation 
snowed  the  shield  vessel  to  be  clean  and  the  chromic  oxide  emissivity 
coating  to  be  intact,  except  for  som  spalling  where  the  top  head  and 
me  sidewall  met.  The  t<^  of  the  vessel  was  estimated  to  have  bulged 
about  1.6  cm,  out  no  bulging  was  noted  on  the  sidewalls.  Examination 
of  the  Liu  under  the  wafer  showed  the  material  to  be  hard  and 
crystalline,  as  is  typical  of  cast  LiH. 
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TkUi  SP-iOO  NUCLEAK  bUHSYSTBM 

On  the  baels  of  the  above  history,  analytical  studies  were  perforaed 
over  a 2-year  perioa  to  select  caef>onenta  for  the  SPAR  power  plant  in 
conformance  with  potential  DOD  requirementa  in  Table  1.  These  studies 
were  reviewed  following  definition  of  refined  requiresienta  for  SP-100 
and  will  be  reviewed  further  as  mors  detailed  mission  studies  refine 
the  requirements.  The  major  considerations  in  selection  of  a heat 
pipe  reactor  for  the  lOO-kM(e)  power  levei  were  weight,  lifetime,  and 
reliability  factors.  The  SP-100  is  being  designed  for  7-10  times  the 
lifetime  at  one-third  the  weight  of  a SNAP-S  power  plant  and  yet  with 
an  objective  to  have  no  single-point  failures. 

The  SP-100  nuclear  subsystem,  shown  in  Figure  4,  consists  oft 

1.  the  nuclear  reactor  as  the  thermal  power  source, 

2.  core  neat  pipes  to  transport  the  thermal  power  from  the  nuclear 
reactor  to  tne  conversion/radiator  subsystem, 

i.  the  radiation  shield  to  attenuate  nuclear  radiation  to  the 
payload,  and 

4.  the  reactor  controllt r to  reculate  the  nuclear  reactor. 

The  reactor  incorporates  neat  pipes  to  transport  the  heat  out  of 
the  .ore  to  the  tnerraoelectr ic  subsystems.  A fast-spectrum  reactor 
fueled  with  highly  enriched  UO^  was  selected  for  long-life,  compact 
core  design.  Use  of  UO2  as  the  fuel  permits  o,:ieration  at  high 
temperatures  and  maintains  material  interactions  at  an  acceptable 
level.  Heat  pipes  were  selected  to  provide  many  redundant  heat 
removal  paths  without  pui^ps  or  compressors  to  transport  heat  from  the 
reactor. 

The  reactor  has  a core  region  composed  of  fuel  modules  with  fuel 
arranged  in  layers  between  circumferential  fir.s,  which  are  attached  to 
the  heat  pipes.  Tne  fins  enhance  heat  transfer  from  the  UU2  to  the 
heat  pipes  and  thereby  reduce  the  tenqperatures  in  the  fuel.  Tnese 
fuel  modules  are  in  rows  around  the  central  safety  plug  and  compose 
the  core.  Surrounding  the  core  is  a container  that  provides  support 
to  the  fuel  modules  out  is  not  a pressure  vessel.  Tne  container  also 
provides  noncompressive  support  for  tne  multifoil  insulation. 

Multiple  reflective  insulation  layers  lower  to  an  acceptable  level  the 
core  heat  loss  to  the  reflector.  The  reflector  surrounds  the  core  and 
reflects  neutrons  back  into  che  fuel  region.  Located  within  the 
reflector  are  drums  that  are  driven  by  electromecnanical  actuators. 

On  part  of  these  drums  xs  a neutron-absorbing  siaterial,  and  the 
positions  of  this  material  are  used  to  establish  the  reactor  power 
level. 

The  core  neat  pipes  emanate  from  the  reactor  core,  bend  around  the 
radiation  attenuation  shield,  and  continue  to  tne  end  of  the 
conversion/radiator  subsystem,  where  the  heat  is  transferred  by 
radiation.  The  radiation  attenuation  shield  is  located  between  the 
reactor  and  payload  and  acts  to  minimize  the  reactoi-generated 
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radiation.  This  sMaid  pciBarlly  contains  two  typas  of 

■atariala — iow-atab.AC-waight  atou  ''iH)  to  attanuata  nautrona,  and 

hign-atoBic-waight  atoas  (tungatan)  to  act  as  a gawa  radiation  ahiaid. 

Figura  5 ia  a cutaway  viaw  of  tna  raactor.  Tha  raactor  cora  is 
Mda  up  of  hast  pipas  a.nd  fual  Boduias.  Tba  circuBfarantiai  fins 
critnin  cora  ara  bs^w  of  tha  ssBa  aatai  as  tha  hast  pipas,  a 
iov-rherr  .3-contant  alloy  of  BOlybdanuB.  Fual  tilas  ara  sandwichad 
batwaan  tha  fins.  A cantral  hola  in  tha  cora  providas  spaca  for  a 
Doron  carbida  (B4C)  plug  that  trould  Bsintain  tha  cora  subcriticai  if 
«Mtar  iaaarsion  occurrad  and  all  hast  pipas  wars  broken.  This  cantral 
plug  is  a safaty  faatura  uaad  only  during  launch  and  is  raaovad  ones 
tna  Bbutt.'a  raachas  orbit.  Figura  6 abows  tha  individual  fual 
Boduias.  Tha  fins  ara  an  intagral  part  of  tha  haat  pipe,  whila  tha 
fual  is  fabricatad  as  tilaa  and  placad  batwaan  tha  fins. 

Tha  fual  salactad  is  93  parcant  235^02.  As  a rasult,  distinct 
axial  and  radial  power  profiles  exist  in  tha  cora.  Instead  of  varying 
tha  iaotopic  content  of  tha  fual,  tha  naount  of  ftal  in  each  row  of 
Bodules  ia  variaa  so  that  an  equal  quantity  of  haat  is  ganaratad  par 
Bodula.  Thus  each  hast  pipe  transports  approxiaately  tha  aasa  sBount 
of  power.  Axial  taaparatura  flatcaning  is  naturally  achieved  by  tha 
haat  pipe  itself. 

UraniuB  dioxide  fual  swelling  ia  a function  of  both  taaparatura  and 
tiaa.  Data  on  fual  swelling  ara  given  in  Figura  7.  Tha  design 
provides  void  voiubs  to  accoBBodata  both  tha  aatiBstad  fual  availing 
and  the  thersal  straaa  ganaratad  by  fual  swelling.  Axial  swelling  ia 
accoBBodatad  by  tha  periodic  oaiaaion  of  a fual  tile.  In  tna  radial 
direction,  voio  apace  is  provided  for  fual  avvlling. 

Failure  of  a beat  pipe  to  conduct  tharBsl  pc war  has  led  to 
evaluations  of  whether  axcaaaive  fual  taa|>aiaturas  occur.  In  case  of 
heat  pipe  failure,  transient  analyaia  indicates  a peak  taaparatura 
buildup  in  a few  Binutas  bacauaa  of  poor  tharaal  contact  batwaan 
adjacent  fuel  BOduiwS.  ttowavar,  within  24  hours  the  fual  froa  tha 
failed  Bodule  ia  expected  to  radaposit,  increasing  tha  tharaal  contact 
and  reducing  the  fuel  taaparatura  to  acceptable  liaita. 

Tha  reflector  reduces  neutron  losses  froa  the  core.  The  reflector 
section  not  penetrated  b>  haat  pipes  is  aade  of  barylliua.  Tha 
reflector  section  tnat  i«  panatratad  by  tha  haat  pipes  ia  Bade  of 
barylliiai  oxide  (SeO)  and  operates  at  a taBparature  of  aouut  BOO  K. 

It  ia  cooled  by  radiation  to  apace  froa  its  outer  surface,  and 
Bultifoil  tharBal  insulation  is  wrapped  around  tha  cora  to  ainiBixa 
haat  leakage  from  tha  cora  to  tha  reflector.  Of  Boat  concern  is 
swelling  and  loss  of  thar'tsl  conductance  caused  by  neutron 
irradiation.  Tha  priaary  causa  of  tha  swelling  in  barylliusi  is  tha 
forBstion  of  haliuB  by  (n,2n  and  Ct  ) reactions.  At  taapara*.uras  above 
375  K,  haliuB  gas  sccuaulatas  into  bubbles,  ^nd  swelling  proceeds  as 
the  buobles  grow.  Mo  significant  swelling  (less  than  1-2  percent) 
appears  up  to  approxiaataly  825  K. 

Within  tha  ratiactor  ara  12  control  druas.  Each  drua  has  an  arc 
seg*«ant  of  neutron-absorbing  Bstarisl  of  B4C  on  one  side. 
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toactivxty  im  aitacad  by  rotation  of  tha  nautron-abaorbing  aatariai. 
Bach  druai  would  ba  rotatad  with  a atapping-aotor  actuator,  which  la 
locatad  on  tha  aidv  of  tna  radiation  ahiald  away  froa  tha  cora  for 
protection  froa  hign  nuciaar  and  tharaal  radiation.  Tha  raaccor  haa 
built-in  axcaaa  raactivlty  (approxiaataly  5 parcant)  to  account  for 
concrol  aargin,  fual  burnup,  taaparatura  coafficiant,  and 
uncartaintiaa.  Tha  B4C  la  anrichad  to  90  parcant  to  provida  a 
raactivlty  worth  of  12.5  parcant.  Ita  voluaa  will  incraaaa  by  about  2 
parcant  aftar  7 yaariv. 

To  aaat  aafaty  raquiraaanta,  tna  raflactor  ia  daaignad  to 
diaaaaaabla  during  ataoapuaric  raantry  and  conaiata  of  aagaanta  bald 
togathar  by  BOlybdanuB  ratainar  banda  (Figura  8) . Thasa  banda  provida 
■achanicai  intagrity  to  tna  raaccor  during  launch  and  oparationa,  yat 
rapidly  oxidiia  during  atBoapharic  raantry.  Tabia  5 lista  tha 
charactariatica  of  tha  nuciaar  raactor. 

SxaBination  of  tha  cora  haat  pipaa  in  Bora  datail  anowa  a cloaad 
containBant  pipa,  a capillary  wick  atructura,  tha  lithiuB  haat 
transfar  fluid,  and  c Batarial  lor  gattaring  inpuritiaa.  Tha  halt 
pipa  containar  ia  Bada  of  a ioi'-rhaniuB-contant  alloy  of  Bolybdanua, 
whicn  waa  aalactad  oacauaa  of  ita  potential  axcallant  high- taaparatura 
craap  atrangtn  and  ita  cc^patibility  witn  tha  intarnal  working  fluid 
and  the  uraniuB  dioxide  fual.  It  ia  ductile  at  low  raBparaturea,  ao 
that  It  should  ba  able  to  withstand  tha  launch  loads  of  tb*  space 
transportation  syatan.  Litniuu  used  as  tha  working  fluid  bacauaa 
of  Its  high  haat  capacity  and  aurface  tension  and  ita  low  iparating 
pressure. 

Capillary  action  returns  tna  lithiua  froa  the  condenser  section  cu 
the  evaporator.  The  artery  design  provides  a low-prassura-drop, 
redundant  wicking  structure,  a circuBfarantiai  distributive  wick  is 
used  to  Bova  tha  condcnsii,g  fluid  to  and  froB  tha  artariaa,  while  tha 
arteries  transport  tha  lithiuB  axially.  T.<e  liBitations  of  haat  pipa 
parforBsnea,  in  this  conceptual  systaB  design,  are  tha  sonic  liait, 
which  controls  tha  flow  rata  in  tha  pipa  at  a given  taaparatura,  and 
tha  flow  liBit  datarBinad  by  tha  capillary  pressure  that  can  ba 
aoniavad  with  a given  wicx  pore  sisa. 

Getter  aster lals  are  included  in  tna  haat  pipa  so  that  rasidLal  and 
diffused  lapurities  are  absorbed  and  will  not  react  with  tha  haat  pipa 
container  walls  or  wick-  Typical  hast  pipa  cnaractar istica  are  given 
in  Tabia  6. 

Tha  radiation  attenuation  shield  dasigni  are  based  op  tha  SNAP 
progrsB  davcl'^pBant.  Tha  operating  tanparatura  of  tha  radiatiP4i 
shield  Bust  ba  at  least  6U0  K to  allov  raabsorption  of  radiolyticaiiy 
dacoaposao  hydrogen,  tnus  preventing  swelling.  Convarsaly,  tha  shield 
should  raBSin  below  675  k to  avoid  hydrogen  loss  froB  axcassiva 
tharBSl  disaasociation  if  tha  casing  is  punctured  by  Bateroida.  To 
avoid  single-point  failures,  tha  LiB  is  encapsulated  in  a nuBbar  of 
ooqpartBsnta,  so  that  praasura  containBant  failure  will  oeplata  thu 
hydrogen  in  only  a SBall  part  of  tha  shield.  Tha  tungsten  will 
operate  satisfactorily  at  the  LiB  ta^iaratura  level. 
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TABLE  5 Nuclear  Reactor  Characteristics 


Treraai  power 

Heat  pipe  evaporator  vapor  tenperature 
Maxinuir.  UO^  teoperature 
bOL  reactivity  (K^rf) 

Fission  per  7 yr 

UO^  gweiiiny  per  7 year 

burnup 

Redeposition  of  Mo  and  UO^ 
on  neat  pipes 
Core  dianeter 
Core  neignt 

Be  reflector  average  thickness 
beO  reflector  tnickness 
Reactor  dianeter 
Reactor  neight 
B4C  plug  utass 
Component  aasses 
Fuel  and  fin 

Heat  pipe  nass  to  reactor  exit 

Inner  and  outer  cans,  multifoil 

Fu-i!l  nodule  support  platec 

Reflector 

Actuator 

Structure 


1.47  HW 
1,S00  K 
1,730  K 
1.05 

8 X 10 fis/cu^ 
8% 

3.6« 


0.5  nun 
33.1  cm 

33.1  cm 

9 cm 

10  cm 

54.2  cm 
55.0  cm 
3.1  kg 

185  kg 
20  kg 
9 kg 
5 kg 
150  kg 
42  kg 
29  kg 


Reactor  total  mass  (excludes  B4  plug)  440  kg 


Tite  radiation  shield  mass  is  oased  on  LiU  at  94  percent  of 
theoretical  density,  with  20  percer t added  to  account  for  such  items 
as  structure,  casing,  loading  springs,  and  reinforcing  mesn.  Tne 
tungsten  needs  no  supporting  structure.  The  characteristics  of  the 
snield  are  prwsented  in  Taole  7. 

The  current  reactc..  controller  concept  employs  12  rotating  drums 
surrounding  tne  core.  The  control  drums  will  be  operated  under 
closed-loop  control  using  functionally  redundant  controllers.  Safety 
criteria  dictate  that  to  prevent  overheating  of  high-temperature 
system  elements,  the  reactor  controller  will  provide  a power  cutback. 
In  addition,  shutdown  control  function  will  scram  the  control  drums  if 
an  emergency  shutdown  situation  is  detected. 

For  start-up,  temperatures  are  expected  to  be  controlled  on  the 
basis  of  tne  teo^>erature  of  the  core  neat  pipes.  To  avoid  excessive 
power  and  temperature  overshoots  due  to  long-time  constants  in 
transfer  tunctions,  tne  current  start-up  design  takes  several  hours. 
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TAbL£  6 Core  Best  Pipe  Cnaracteristics 


Nuiubec  of  iieat  pipes 
ileat  pipe  outside  difMueter 
Wail  chicKness 
Total  hec't  pipe  lengtb 
Kvaporator  length 
Adiabatic  length 
Condenser  length 

Power  transmission  design  margin 
Design  power  trar.smission 
Evaporator  radial  power  density  at  insiae 
diameter 

Evaporator  vapor  temperature 
Evaporator  wall  outside  temperature 
Minimum  consensor  wall  temperature 
Nuiaber  of  arteries 
Artery  inside  diameter 
Distribution  screen  <.‘^ic<ness 
Working  fluid 

Evaporator  vapor  pressure  at  1500  K 
Getter  material 

Container  ductile-brittle  transition  ten^>erature 
Heat  pipe  mass/meter 


120 

15.5  mm 
0.75  mm 
9.08  m 
0.33  a 

1.22  ffl 

7.53  m 

1.5 

12.3  kW 

85  W/cmii 
1500  K 
1507  K 
1480  K 

4 

2.1  mm 
0.3  mm 
Litniua 
83  W-K 

Hafnium,  zirconium 
140  K 
0.44  kg/m 


Total  neat  pipe  mass  outside  reactor 


460  kg 


A representative  start-up  scheme  based  on  methods  developed  in  the 
Hover  program  will: 

1.  ran^}  tne  control  drums  relatively  quickly  from  shutdown  to  a 
position  well  below  cold  critical 

2.  ramp  the  nrums  througn  cold  critical  very  slowly 

3.  switch  to  tei^>erature  control  when  the  temperatures  of  the  heat 
pipes  reach  the  minimum  controllable  value 

4.  raise  tne  power  level  to  increase  the  control  temperature 
enough  to  permit  normal  operation. 

Safety  is  an  important  part  of  the  control  system,  and  redundancy 
is  the  key  to  providing  hardware  systems  with  good  safety 
characteristics.  Safety  features  as  now  envisioned  are  as  follows: 

1.  The  control  drums  are  pinned  in  the  shutdown  position  with 
captive-key  locks  for  all  noncritical  sarthbound  nuclear  operations. 
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TASLE  7 Radietion  Shiaid  Charactarlstlca 


Neutron  fluencei 
Ga3Ba  dosei; 

‘^ne  half-angle 
Axial  thickness 
Side  length 
Maxinue  diasieter 
Conponent  aass 

Mass  of  Liu  plus  container 
Mass  of  tungsten 
Total  shield  eass 


i.0-^2  nvt 

10^  rads/s ilicon 
150 


90  OB 
80  cm 
105  ca 


485  kg 
305  kg 
790  kg 


^Full  pomr,  7-year  accuaulation  at  25  a froa  the  center  of 
the  reactor  core. 


It  will  be  possible  to  unlock  and  operate  one  drua  at  « tine  for 
testing.  The  pins  will  be  reaovc^  before  start-up. 

2.  A central  plug  of  B4C  is  installed  in  the  core  for  launch  and 
removed  after  a safe  orbit  is  achieved. 

3.  The  control  drum  actuator  has  a brake  that  holds  the  drua  in 
position  until  the  brake  is  energ.'zed.  The  motor  does  not  have  enough 
torque  to  drive  the  drum  with  the  orake  engaged. 

4.  With  12  control  druas,  shutdow*'  could  be  attalnea  even  if  some 
of  the  aruBS  were  to  becoae  inoperative. 

5.  Redundant  parallel-operating  self-test  reactor  controllers  will 
ramp  the  control  druas  to  their  shutdown  position  if  either  controller 
fails.  Tne  redundant  controllers  do  not  share  electronic  cosf>onents 
or  energy  systems.  The  systea  is  planned  for  reset  to  noraal 
operation  and  restart  after  an  eaergency  shutdown. 

6.  The  drums  will  be  spring  loaded  for  return  to  shutdown  in  case 
of  loss  of  electrical  po%fer. 

The  heat  from  the  core  heat  pipes  is  radiated  to  tne  thermoelectric 
elenmnts,  as  shown  in  Figure  9.  Then  it  is  conducted  through  the 
tne rrooelec trie  material,  producing  the  electrical  energy.  Insulation 
is  uced  aiouna  tp«  thermoelectric  material  to  reduce  the  thermal 
losses.  Ueat  that  is  not  used  is  radiat'^  froa  the  outside  surface  to 
space;  this  is  the  cold  shoe  component  of  the  theiaoelectr ic 
elements.  By  distributing  the  thermoelectric  elements  over  a wide 
area  witn  a sufficient  number  of  elestents,  the  cold  shoe  becomes  a 
radiator. 

Tables  8 and  9 give  the  performance  and  other  characteristics  of  a 
typical  100-k«<(e)  power  plant.  The  power  plant  mass  is  2,770  kg  if 
improved  silioon-geraaniua  thermoelectric  materials  are  used,  and  lass 
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TABUS  8 Nuclear  tiubsyaten  Pcrforaanc* 


Thermal  power 

1.47  MM 

Heat  pipe  evaporator  vapor  temperature 

1500  K 

Component  mass 

Reactor 

440  kg 

Core  neat  pipe 

«60  kg 

Radiation  shield 

790  kg 

Reactor  controller 

10  kg 

Total  subsystem  mass 

l,/00  kg 

than  2,000  Kg  wich  caroide  or  sulfide  conversion  materials.  The 
overall  length  is  8.5  m for  the  former  conversion. 

The  current  SP-100  power  output  can  oe  increased  oy  adding  rowc  of 
fuel  modules  to  the  cores  and  coupling  the  nuclear  subsystem  to  higher 
efficiency  converters.  For  exeunple,  coupling  the  current  l,600-KW(t) 
reactor  design  cozx:ept  to  a 25  percent  efficient  Brayton  cycle  woula 
produce  400-kW(e).  Additional  rows  of  fuel  modules  plus  dynamic 
converter  concepts  achieve  a potential  growth  to  several  megawatts 
(electric)  . 


POTENTIAL  TECHNOLOGY  CANDIDATES  FOR  HIGHER  POWER  LEVELS 

AS  presented  in  Taoie  2,  several  identified  potentiel  OOD  missions 
require  megawatt  power  levels.  Figure  10  roughly  classifies  leading 
technology  candidates  on  the  basis  of  .reactor  type,  conversion  system, 
and  heat  rejection  system.  The  neat  pipe  reactor  nas  a potential 
growth  to  about  40  MW(t). 

As  depicted  in  Figure  10,  thermoelectric  converters,  currently 
planned  for  SP-100,  are  limited  to  the  power-production  region  below 
200  KW(e)  because  of  the  number  of  modules  involved  and  their  low 
efficiency.  From  200  KW(e)  to  the  megawatt  level,  power  conversion 
converters  such  as  Rankine,  Brayton,  and  Stirling  cycles  would  not 
require  any  increase  in  reactor  teiq>eratureB.  Thermionic  converters 
are  yet  another  possibility,  but  would  require  reactor  temperatures 
several  hundred  degrees  Kelvin  higher.  Higher  te^>erature  operating 
reactors  would  increase  fuel  swelling  and  material  concerns. 

Converter  efficiencies  of  15-30  percent  are  possible,  but  the 
higher  efficiencies  lead  to  lower  heat  rejection  temperatures. 

Because  heat  radiated  to  space  follows  a fourth-power  relationship  in 
temperature  (T^) , high  reject  temperatures  lead  to  reduced  radiator 
areas,  as  power  levels  increase,  higher  neat  rejection  temperatures 
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TABLE  9 SP-iOO  PviforMnce  and  Naaa  ttuM&rv 


Late  i980s 

Early  1990s 

Output  fbwer  (kM(e)) 

Range 

10-100 

10-100 

tioainal 

100 

100 

Reactor  tnarBal  power  (kM(t)) 

Range 

200-1,600 

Reference  design 

1,470 

950 

Design  life  (yr) 

Design  power 

7 

7 

Total 

10 

10 

Overall  diaensions 

Length  (a) 

8.5 

7.0 

Oiaaeter  (aax)  (a) 

4.3 

4.3 

Radiator  area  (b2) 

70 

43 

Systea  aass  (at  reference  design)  (kg) 

Reactor  and  controls 

450 

380 

Shield 

790 

670 

Heat  pipes 

460 

225 

T£  conversion  and  circuitry 

250 

155 

Theraal  insulation 

290 

195 

(including  end  panels) 

Radiator 

100 

35 

Power  control  aubsysteas 

130 

120 

Interface  equipsent  and  structure 

300 

205 

Total  systeB  aass 

2,770 

1,985 

Specific  power  (W/kg) 

36 

50 

usually  aoalnata  tlia  cnolca  of  convartars.  Alttiougti  work  has  baan 
perforaad  on  thasa  convarcars  In  tha  past,  activity  on  thasa  spaca 
conversion  systcais  is  presently  quiescent.  Mhila  there  appear  to  be 
no  technology  Larriars  to  power  plants  up  to  a few  Bagawatts,  active 
davalopaant  is  needed  if  any  of  tha  power  options  above  a few  hundred 
kilowatts  are  to  oe  available  to  space  aission  planners. 

As  the  power  level  ocauind  expands  to  tens  of  Begawatts,  solid-core, 
fluidised-bed,  or  even  gaseous-core  reactors  should  be  considered. 
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For  ap«  solid-core  reactors  were  developed  stost  extensively  es  pert 
of  the  .lear  roctet  program.  The  Hover  design  featured  a 
graphite-moderated,  hydrogen-cooled  core  (Figure  11).  The  93.15 
percent  ^35y  fuel  was  in  the  fora  of  uranium  dicarbide  particles, 
coated  with  a pyrolytic  graphite.  The  fuel  was  arranged  in 
hexagonal-shaped  fuel  elestents,  coated  with  zirconium  carbide;  e%^ 
element  had  19  coolant  channels.  The  fuel  elements  were  supported  by 
a txe-tube  structural  support  system,  whicn  cransmitted  the  core  axial 
pressure  load  from  the  hot  end  of  the  fuel  elements  to  the  core  inlet 
support  plate.  Surrounding  the  core  was  a neutron-reflective  barrel 
of  beryllium,  with  12  reactivity  control  drums  containing  a 
neutron-absorbing  material.  Tne  reactor  was  enclosed  in  an  aluminum 
pressure  versel.  Electric  power  up  to  100  MW  could  be  generated  by 
replacing  the  rocket  thrust  nozzle  witn  power  conversion  equipment. 
This  is  a limited-life  system,  possibly  useful  for  directed-energy 
weapons  (DEW?) . A low-power  (electric) , long-life  mode  could  be 
achieved  by  extracting  energy  through  the  tie-tube  support  system. 

Tne  Rover  technology  is  ready  for  flight  development,  having  been 
tested  in  some  20  reactors  (Figure  12) . Peak  performances  are  shown 
in  Table  10. 

Uigh-power  requirements  also  might  be  met  by  'luidized-beo 
reactors,  in  either  the  rotating  or  the  fixed-bed  forms.  The  former 
was  investigated  as  a rochet  propulsion  concept,  and  the  latter  has 
been  proposed  for  space  el?^trical  power.  A nxxlest  research  effort  in 
f luidized-bed  reactors  was  carried  out  from  1960  to  1973. 

In  rotating-bead  reactors,  the  fuel,  in  the  forir  of  small  (100-  to 
500- Mm-diameter)  particles,  was  retained  by  centrifugal  force  in  a 
rotating  cylindrical  structure.  Tne  fuel  was  UC-ZrC  and  was  in  an 
annular  arrangement,  as  seen  in  Figure  J.3.  A rotor  drive  unit  rotated 
a cylinder  made  up  of  a porous  material.  Hydrogen  propellant  passed 
first  through  tne  coolant  passages  in  the  rocket  nozzle  and  then 
through  the  reflector.  All  or  part  of  the  flow  passed  through  the 
turbine  and  then  entered  the  core  region.  The  gas  flowed  radially 
inward  thiougn  the  cylindrical  structure  and  annular  core  at  a 
velocity  sufficient  to  fluidize  most  of  the  bed.  The  heated  gas  then 
flowed  out  through  the  nozzle.  Predicted  exit  gas  tei^>eratures  were 
about  3000  K,  witii  a power  density  of  i,000  MW(t)/m3.  Control  of 
the  rotating-bed  reactor  was  by  drums  in  tne  reflector  that  had 
moderator  on  one  side  and  neutron  absorber  on  the  opposite  side.  Some 
typical  design  parameters  are  si own  in  Table  11. 

Lower  temperature,  electric-gt'neration  systems  can  replace  tne 
rotating  bed  witn  a fixed-bed  configuration.  The  major  advantage  of 
the  fluidized  bed  is  the  simple  core  structural  arrangement.  So  far, 
experimental  work  has  been  restricted  to  cola  flow  tests.  Ma^or 
development  is  needed  to  demonstrate  a fueled  reactor  configuration. 

Another  candidate  for  megawatt-power  reactors  is  a gaseous-core 
reactor  system.  The  central  component  of  such  a gaseous-core  reactor 
is  a cavity  where  the  nuclear  fuel  is  in  the  gaseous  state.  The 
reactor  concept  shown  scnematically  in  Figure  14  is  an  externally 
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TABLE  10  MMCtor  Byat«M  Mat  Batcocaanca 


ElWl- 

4M 

MM-A6 

Pboabua- 

2A 

Pawaa  1 

Baactor  powar  (IW) 

fSO 

1,147 

4,080 

507 

Flow  rata  (kg/a) 
Fuai  axit  avaraga 

3l.a 

32.7 

119.2 

18.4 

taaparatura  (K) 

2330 

2472 

2283 

2554 

Chaabar  taiq>aratura  (E) 

19M 

2342 

2256 

1837 

Chaaoar  praaaura  (NPa) 

3.49 

4.13 

3.83 

4.28 

(3ora  inlat  ta^p'.ratuxa  (E) 

104 

12B 

137 

128 

Cora  inlat  prafiaura  (MPa) 

4.02 

4.9o 

4.73 

5. 54 

Baflactor  inlat  taaparatura  (E) 

72 

84 

48 

79 

Mafloctor  inlat  praaaura  (NPa) 

4.32 

5.19 

5.39 

5.79 

Pariphary  ana  atructural  flow  (kg/a) 

2.0 

0.4 

2.3 

4.48 

■odaratad  cavity  aaaaabiy  tliat  coRtaina  tAa  uianiua  fuai  in  toa 
gaaaouB  pnaaa.  For  taaparatura  raquiraaanta  iaaa  than  a faw  thouaand 
Kaivin«  tha  appropriata  nuclaar  fual  would  ba  uraniuai  baaafiuorida# 
UFg.  Aoova  atxHit  5000  A#  uranxua  aatai  would  ba  vaporisad  ana 
ioniiaa  with  tha  fuai  aa  a fiaaxoning  piaaaa.  At  iowar  taaparaturaa 
it  ia  daairabia  and  at  hic’..r  tavparaturaa  it  ia  nacaoaary  to  kaap  tha 
gaaaoua  fuai  aaparata  froai  tba  cavity  walla.  This  ia  accoapliahad 
through  fluid  dynaoiica  by  uaing  a nxghar-vaiocity  butfar  gaa  along  tna 
wall.  Powar  ia  axtractad  by  oonvaction  or  optical  radiation, 
dapanding  on  taaparatura. 

Gaaaoua-cora  raactora  offar  aiaqpla  cora  atructuraa  and  cartain 
aafaty  and  aaintananca  advantagaa.  Tba  baaic  raaaarch  and  davalopaant 
waa  coapiatad  bafora  prograa  taraination,  including  tha  daaonatration 
of  fluid  aachanical  vortaa  oonfinaaant  of  uraniua  haxafluorida  at 
danaitiaa  aufficiant  to  auatain  nuclaar  criticality. 

Raturning  to  convartara,  a Orgb-taacwratura  Bankina  cycla  appaara 
to  ofxar  advantagaa  in  cloaad-cycla,  tana~of-aagawatta  ayataaa  bacauaa 
afficianciaa  ara  raaaooaoly  hign  (ai^roKiaataly  20  parcant)  with  high 
naat  rajactxon  taaparatura  (1000  K) . For  apacacraft  oparationa, 
cloaad-loop  ayataaa  appaar  daairabia  bacauaa  of  potantially  longar 
oparation  tiaaa  and  laoa  intarfaranca  with  apacacraft  oynaaica.  Whan 
radiator  aiaa  and  waight  bacoaa  aacaaaiva  ana  opan-loop  ayataaa  oaooaa 
nacaaoary,  tnan  a convartar  lika  a gaa  arayton  cycla  prowidaa  ouch 
hxgnar  afficiancy  than  a Bankina  cycia. 

An  attfjqit  baa  baan  aada  to  quantify  powar  pxant  waighta  froa  100 
kW(a)  to  100  Mf(a).  Tba  raactor  and  ohiold  tachnologxaa  ara  daaaad 
auffxciantly  davalopad  to  aaka  raaaooabla  projactiona,  but  convartara 
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TAMLt  11  liluatrativ*  Notating-Had  Maactoc  U«r,ign  PacaMtars 


tteu  internal  dissater 

63.5  ca 

Ueu  neight 

63.5  ca 

fuel  oeo  tnickness 

102.  ca 

net lector  thickness 

Radial 

30  ca 

Axial 

30  ca 

Throat  disaster 

18  ca 

Overall  neight 

123.5  ca 

Overall  di/SMter 

143.8  ca 

Critical  BISS 

156  kg 

Bed  voidagit 

606 

UraniuB  concentration 

9.5  at  % 

ChasUMr  pr  issure 

1,125  psia 

H2  flow  rave 

20  kg/s 

Power  (T  ■ 3000  K) 

1,000  )W 

Reactor  weight  (including  puaps  and  pressure  vessel) 

4,'T50  kg 

and  xadiatora  aoova  uia  aagawatt  range  require  extenaive  analyaia  and 
developaenc  to  arrive  at  reaxlatic  valuea.  Figure  15  anowa  tne  ahift 
in  relative  eeigdta  in  power  pianta  ea  power  levei  increaaes.  Reactor 
anu  anield  weignta  go  froa  being  a aignificant  portion  of  tbe  total 
systea  weight  in  the  0.1-  to  IHlM(e)  range  to  only  a aaall  percentage 
of  the  total  at  lOO-MN(e) . At  1 MN(e) , the  converter  is  the  ooainant 
weignt  coaponent.  Above  this  level*  toe  radiator  doainates.  Major 
advancea  will  oe  needed  in  converter  and  radiation  technologiea  to 
develop  practical  cloaeo-loop  power  pianta  in  the  lOO-MW(e)  range. 


SUMMARY 

The  SP-lOO  claaa  of  nuclear  aubayatea  design  provides  a basis  for 
critical  ccasponent  developaent.  As  aiasion  requiresants  oecoas  better 
defined,  as  More  detailed  analyses  are  perforaed,  and  as  the  results 
of  coaponent  testing  are  coapleteo,  this  particular  design  can  oe 
updated.  The  neat  pipe  concept  appears  to  be  a reasonable  baseline. 
Plans  are  being  considered  to  seek  iaproveaents  both  in  the  geiwral 
reactor  design  approach  and  in  ^ecifica  on  coaponent  details. 

The  8P-100  technology  aay  be  capable  of  Meeting  power  levels  4 to  8 
tiass  that  of  tne  largest  power  source  flown  to  date  (25-RW(e)  in 
Skyiab)  if  actively  supported  and  carried  tnrough  to  flight 
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davalopaant.  Bxtansion  of  SP-iUO  tochnology  sight  saat  powtr 
rvquirtRMnta  50  tin«3  this  Isvsi.  At  highsr  powsr  isvsia,  otnar 
versions  of  nuclaar  power  plants  aust  investigated  and  detailed 
studies  Bust  be  done  to  identify  the  best  technological  approaches. 

Those  i.ealistic  reactor  concepts  that  can  aeet  high-priority 
Bission  needs  will,  of  course,  have  near-tera  priority.  If  necessary, 
sooM  liBitations  in  perforaance  nay  be  accepted  to  accelerate 
availabilicy.  As  a first  step,  a good  systen  study  to  evaluate 
technology  candidates  for  the  1-  to  100-«W(e)  regiae  is  required.  It 
could  identify  the  priae  candidate  for  a reactor  tecnnology  for  up  to 
10  MN(e),  and  possibly  a candidate  for  a reactor  technology  for  up  to 
100  MW(a) . Converters  might  include  a midrange  closed- loop  systea, 
such  as  a RanKine  cycle,  and  a nigh-range  open- loop  systea,  such  as  a 
Brayton  cycle.  A modular  approach  wight  miniaize  the  number  of  unique 
units  to  be  developed.  Heat  rejection  systems  will  require  definite 
tecnnology  advancements  for  the  nigner  megawatt  regisM. 

Mission  requirements  and  reactor  and  conversion  suosystem 
technologies  must  ne  assessed  early  prior  to  emoarKing  on  a vigorous 
national  space  reactor  power  system  developsient. 
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FIGURE  1 PTmI  technology  (Baxlnua-duratlon  single  test) . 
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FIGURE  2 
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I-IGURE  3 S8DR  shielding  assembly. 
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SP-100  nuclear  subsystea. 
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FIGURE  5 H«at  pipe  space  reactor. 
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FIGURE  11  Cutaway  view  of  Rover  reactor  and  fuel  element. 
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FIGURE  12  Rover  technology  development:  major  tests. 


FIGUF£  13  Rotating  f luldized-bed  rocket  engine. 
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FIGURE  14  Nuclear  fission  plassM  core  dual-aode  systen  concept. 
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FIGURE  15  Distribution  of  po%«er  plant  weight  (percent) . 
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Bi^i-taBpnratura  nuclear  reactor  tecnnology  baa  been  under  deeelopnent 
for^30  yeara.  In  tna  19a0a*  aueb  effort  orrectly  aupported  apace 
power  ana  propulaion  ayataaa#  but  during  tbe  last  lU  yeara,  tbeae 
efforta  were  deferred  wben  eapnaaia  waa  placed  on  developing  tbe  space 
trenaportation  systca.  Tbe  application  of  nuclear  power  in  apace  is 
currently  being  reexaaineo  to  satisfy  apparent  needa  for  allitary 
surveillance,  ccaaunication,  electronic  counteraeasurea,  propulaion, 
and  offenaive/defenaive  directeo-energy  weapons.  Ooapact, 
nigb-perforaance  power  systeas  will  be  required  to  aeet  allitary 
survivability  criteria  of  baroening  and  aanauverability  in  nostile 
environaents.  fOr  aany  of  tbeae  applications,  nuclear  power  aay  well 
be  tbe  best  alternative  (Buden  et  al.,  1979}  Layton  at  al.,  19Si) . 

Over  tbe  past  25  years,  QK  Tecbnologies,  Inc.  (UA) , f 'raerly  tne 
General  Atoaic  Oonpany,  nas  continued  to  develop  tne  bigb-teeperature 
reactor  tecnnologiea  that  could  apply  to  a nuclear  space  power  systea 
(General  Atoaics,  1973s}  Siacn,  1992).  Table  1 shows  tbe  developaant 
prograas  tnat  have  contributed  to  tbese  tecnnologieax  (1)  aetal-clad 
fuel,  (2)  coated-particie  fuel,  and  (J)  tne  tberaionic  reactor.  Tbe 
deveiopsMnt  status  of  toeae  systeas  estends  froa  one  estreae,  where 
tne  perforaance  and  lifetlas  reaaibility  nave  been  fully  developed,  to 
tne  other  estreae,  where  auen  additional  basic  research  is  needed. 

Tbe  first  reactor  technology  usea  a fast  reactor  core  consiating  of 
superailoy-  or  refractory-aetal-«lad  fuel  rods  that  are  cooled  by  tbe 
gas  working  fluid  of  a Brayton  cycle.  Haste  beat  is  rejected  by  a 
beat  pipe  radiator.  This  reactor  has  relatively  lower  potential 
apocific  power  perforaance  tnan  tbe  other  systeaa.  however,  botn  tbe 
reactor  fuel  and  tns  turbcaacninary  are  fully  developed  anu 
deaonstrated  so  that  a prototype  ground  deaonstration  reactor  could  be 
designed  without  any  additional  research  and  developaant.  A flight 
qualification  reactor  could  be  available  within  6 years. 

The  second  reactor  tecnnology  uaes  bigb-teaperature,  coated  fuel 
particles  for  flesibility  in  reactor  design  and  in  selecting  fuel  and 
coating  material.  Tbe  partic  ler^  can  oe  designed  to  ccapletely 
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.ABLE  i (ik  hi9t)-T>ap«c«tur«  lliactor  OvvalopMnt  Pco^raM 


Program 

Power 

Mstal-clad  fuel 

Maritime  uea-Oooled  Reactor  (NUCR) 

7U  MN(t) 

Expel iasntai  Beryllium  Oxide  Reactor  (£BOR) 

lU  MW(t) 

(iaa-Cooled  Past  Reactor  (GCFR) 

OesDnstration  plant 

300  MN(e) 

ComaMrcial  plant 

1,200  IM(e) 

Ooated-particle  fuel 

Peach  Bottom 

40  MW(e) 

Fort  St.  Vrain 

JOO  MN(e) 

Hign-Tsaperature  Gas-Cooled  Reactor  (UTGR) 

250-1,500  MH(e) 

UHTREX  coated-(/article-fuel  production 

— 

N£RVA  coated-particle-f uel  procuction 

— 

Thermionic  reactor 

In-core  thermionic  space  power  reactors 

10  kW(e)  to  1 MW(e) 

TRIGA  reactor 

Up  to  13  MW(t) 

restrain  fuel  swelling  and  retain  fission  products.  They  can  be 
asseablcd  into  many  configurations  to  achieve  the  reactor  design 
objectives.  Four  configurations  are  of  specific  interest:  (1)  an 

alternate  core  design  for  use  in  the  SP-100  systefflt  (this  system  is 
the  reference  nuclaar  space  power  concept  being  developed  by  Los 
Alamos  National  Laboratory — ^ee  the  section  on  the  SP-100  alternative 
reactor  concept  for  a further  description) , (2)  a reactor  design 
similar  to  SP-100  but  using  ail-caroon  components  and  carbon  neat 
pipes  to  significantly  improve  temperature,  (3)  a core  coiqx>sed  of 
gas-cooled  fuel  assemblies  to  tteat  a Brayton  cycle,  and  (4)  a 
gas-cooled  reactor  using  partiCx?  fuel  in  a fixed  or  rotating  oed  to 
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provi<itt  til*  wmximm  attainatil*  xioi*nt  t* tfratur*  for  um  with 
advanced  power  conversion  syateas. 

The  third  reactor  technology  uses  in-core  totmionic  ceila,  oased 
on  tn*  highly  successful  U.8.  developasnt  prograa  terainated  in  1973 
(General  Atcaics«  IV 73a) . This  concept  was  adopted  by  the  Soviet 
Union  for  its  TOPAZ  apace  power  reactor.  It  offers  pote'tially  very 
nigh  systea  perforaanc*  xn  taraa  of  specific  weight  and  specific 
voiuae.  theraionic  fuel  cells  have  a deaonstrated  in-core  lifetia*  of 
aor*  than  i year  and  could  have  extended  lifetiaes  with  further 
deve.lopaent . 

Each  high-teaperatur*  reactor  technology  is  a viable  candidate 
systea  for  the  U.8.  apace  nuclear  power  prograa  and*  along  with  other 
canoidat*  technologies*  snould  be  carefulxy  evaluateo  to  best  aest  all 
the  criteria*  objectives*  and  operational  requlreaents  tor  future  U.S. 
space  Biss ions. 


GAS-CXX)LEO*  METAL-CLAD  REACTOR  TECHNOLOGY 
Proqraa  Background 

The  gas-cooled*  aetai-clad  reactor  technology  of  interest  for  nuclear 
space  power  application  began  in  the  19b0s.  Gas  is  inherently 
attractive  as  a reactor  coolant*  because  it  is  a single-phase  fluid 
that  can  be  operated  to  nigh  teaperatures  at  relatively  low 
pressures.  This  advantage  is  offset  by  the  higher  puaping  power 
required  and  the  lower  heat  transfer  perforaance  of  a gas  relative  to 
a liquid. 

A gas-cooled  nuclear  reactor  allows  direct  coupxing  of  the  reactor 
to  a Braytoh  power  conversion  cycle.  This  results  in  a single- loop 
power  conversion  system  coupled  to  a neat  pipe  radiator  for  redundant 
heat  rejection.  This  system  has  a number  of  unique  aavantages*  which 
enhance  the  performance  and  reliability  of  a space  power  system:  (1) 

elimination  of  corrosion*  erosion*  and  maos  transfer;  (2)  single 
working  fluid  and  bearing  lubricant;  (3)  single-phase  fluid* 
eliminating  low-gravity  condensing  problems;  and  (4)  siiqple  start  and 
restart. 

The  fuel  element  technology  basis  for  a nuclear*  Bray ton-cycle 
space  power  system  is  provided  by  the  following:  (1)  the  Army  Gas 

Cooleu  Reaccor  Systems  Progriun  (AGCRSP) * (2)  the  Experimental 
Beryllium  Oxide  Reactor  (EBOR) * (3)  the  Gas  Cooled  Fast  Reactor  (GCFR) 
program*,  and  (4)  the  Advahced  Gas  Reactor  (AGR)  program  in  the  United 
Kingdom.  The  Army  program  included  a Gas  Cooled  Reactor  Experiaent 
(GCRE)  and  the  ML-1*  a mobile*  lo«;-power  (300  kW (e) ) * dxrect-coupled* 
Bray ton-cycle*  nuclear  plant  Intended  for  military  field  use.  This 
program  was  terminated  in  1965  following  the  successful  operation  of 
both  reactor  systems.  A program  final  report  (Aerojet*  1966)  includes 
a comprenensive  program  bibliography. 
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Pros  1958  tAcou^Q  198»«  GA  conauct*d  a design  and  davelopBant 
peugraa  on  a halluB-cooxad  lO-MN(t)  £1  Ok.  Tnaaa  scudias  inciudau 
succassfui  ircaaiation  tests  of  tAe  Uasteiioy  X-ciad,  be02  fuel 
cods.  A reactor  facility  was  ouilt  *t  tne  National  Reactor  Testing 
Station  in  ldano»  and  a core  load  ot  luel  eleeents  was  fsoricated  and 
delivered  to  the  reactor  sits.  However,  tne  project  was  tereinated 
just  before  tne  reactor  could  start  up. 

Proa  1960  tnrougn  1979,  GA  and  tdree  national  laboiatorias 
conducted  a design  and  developsMnt  pcograe  for  a J00'-9«M(e)  GCPR 
deaonstrat.  n plant.  Tne  prograa  aiao  incluoed  cooperative  agreeaents 
witn  Swiss  and  Geroan  national  lauoratocies.  A coapcenensive  sueswry 
of  the  GCPR  prograa  was  published  (Nuclear  Engineering  Design,  1977) . 

The  AGR  prograa  in  the  United  Kingdoa  included  the  developsMnt, 
oesign,  building,  and  operation  of  600-MM(a)  nuclear  power  stations. 
This  highly  successful  progra<fa  has  resulted  in  the  construction  of  10 
power  reactors,  of  which  six  are  in  coaaercia>.  power  operation 
(Nuclear  Energy,  1982) . 

The  Garrett  Corporation  and  National  Aeronautics  and  Space 
Adainistration  (NASA)  conoucted  an  extensive  deveiopaent  prograa  in 
the  power  conversion  area  for  brayton-cycle  coaponents  ana  systeas 
that  can  operate  over  a range  of  powers  of  interest  in  nuclear  space 
power,  ur  particula  ' interest  is  tne  succesntul  coapiecion  at 
NASA-Lewis  Research  Center  (NAnA-UKC)  of  a i8,0('?-oour  systea  test 
using  a radial  turbine,  a raoiai  cuapressor,  an  aiusmator , ana  gas 
cearings  (£nglisn,  1982) . 

The  four  reactor  prugraas  nave  all  neipeu  uevelup  hign-teaperature 
reactor  fuel  technoxogy  for  a gas-cooled,  Brayton-cycle  nuclear  space 
power  systea.  The  Amy's  significant  fuel  aevalopaent  program 
conducted  in-pile  cents  for  1U,U00  hours  at  the  environaentax 
conoltions  of  a space  power  systea.  \ full  core  of  fuel  asseablies 
was  operated  to  provide  statistical  performance  data.  Detailed  heat 
transfer  experiaonts  veriried  thermal  performance  under  gas  cooling 
conditionr  with  ootn  saootn  cladding  and  cladding  with  enhanced  heat 
transfer  surfaces.  The  fission  density  and  fuel  uurnup  of  tne  tests 
exceeded  that  anticipated  for  the  desired  7-year  lifetime  of  a nuclear 
space  power  system.  The  GCFk  program  greatly  extended  the  deveiopatent 
and  testing  of  gas-cooled,  aetal-clad  fuel.  In-pile  irradiation 
experience  was  extended  to  neutron  energies  more  typical  of  a space 
reactor.  The  extensive  testing  program  improved,  characterized,  and 
verified  clad  surface  heat  transfer  enh;?ncement  techniques.  The  AGR 
program  has  made  operational  use  of  this  hign-ten^rature,  gas-cooled 
reactor  technology.  Hore  than  1 million  meters  of  fuel  rods  have  been 
manufactured  and  operated  with  enhanced  heat  transfer  surfaces. 


Reactor  b>stem 

Figure  1 shows  the  general  arrangement  of  the  gas-cooled,  metal-clad 
reactor.  The  nuciear  core  consists  of  an  array  of  hastelloy  X-cl#u 
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TABLK  2 Haactor  Ctaacactaristlcs«  Nuclaar  Bray ton  Cycla 


Ifuai  roda 

Clad  tai^ratura  (bot  spot) 
Puai  tanparatura  (nut  spot) 
Fuel  bucnup 


Ua8tciioy*^.i.ad  UO2 
1230  K 
1420  K 

0.2%  par  10 « 000  h 


UO2  £ual  rods  on  a triangular  pitcn.  Tna  fual  rods  ars  tixad  to  a 
grid  Plata  at  tna  coolant  Inlat  and  are  guidad  by  a plate  at  the 
coolant  outlet.  The  t'ual  rods  are  spaced  uy  wire  wraps  and  can  use 
either  sijootn  cladding  or  cladding  with  enhanced  heat  transfer 
surfaces.  A BeO  reflector  is  located  uv  the  core  inlet. 

The  core  outlet  and  is  not  reflected*  resulting  in  u sore  effective 
axial  power  profile.  A reflector/controiler*  located  on  the  radius  of 
tne  core*  consists  of  aovable  axial  segnents  or  rotating  control 
druas.  The  reflector  aster iai  is  BeO*  and  the  poison  segment  in  the 
control  druas  is  B4C.  A tungsten  snield  section  is  also  located  at 
tne  inlet  end  of  tne  core  to  provide  both  ganma  radiation  attenuation 
and  elastic  scattering  of  neutrons.  The  main  licnium  hydride  smeld 
is  located  between  the  reactor  and  other  system  components. 

Table  2 lists  tne  principal  reactor  characteristics.  The  coolant 
gas*  a nelium-xenon  mixture*  provices  an  optimum  trade-off  between 
heat  transfer  and  turbomachinery  design.  The  reactor  performance  is 
limited  by  the  alJowable  temperature  in  tne  cladding*  conservatively 
set  at  1230  K*  resulting  in  a minimum  system  weight.  Tnis  low 
rejection  temperature  results  in  a relatively  high  specific  weight 
compared  with  that  potentially  available  from  some  of  the  more 
developmental  technologies,  ttowever*  tne  performance  of  this  system 
nay  be  attractive  for  early  r<pace  power  applications. 


Bray ton  Cycle 

The  reactor  is  airectly  coupled  to  a Bray ton  cycle*  wnich  consists  of 
a turbine*  compressor*  recuperator*  generator*  and  radiator*  and  which 
uses  gas  as  a worxing  fluid.  Taole  3 lists  tr*e  overall  system 
performance  parameters  for  a lUU-kW(e)  nuclear  Brayton  cycle.  Figure 
2 snows  a typical  set  of  cosq;>onents  and  cycle  state  points  for  a 
system  using  a parallel  set  of  turbomachinery. 

Tne  trorking  fluid  leaves  the  reactor  and  flows  through  a 
single-stage  radial  turbine*  then  through  a recuperator  to  a heat 
exenanger*  wnich  transfers  waste  heat  to  the  neat  pipe  radiator.  The 
working  fluid  is  then  compressed  by  a single-stage  radial  coopressor 
and  is  preheated  by  tne  recuperator  prior  to  reentering  the  reactor. 


TABLK  3 System  Perfonnaty^e,  Nuclear  Brayton  Cycle 


Power  level 
Specific  weight 
Net  system  efficiency 
Maximum  system  t-emperature 
Minimum  system  temperature 
Working  fluid 


100  kW(e) 

“^30  Kg/kW(ej 

24% 

1090  K 
430  K 

Ueii>im-xcnon  (0^  trace) 


The  electrical  generator  is  mounted  on  a snaft  between  the  turoine  and 
con^ressor  wheels. 

Figure  3 shows  typical  Brayton-cycle  components.  Dynamic  gas 
bearings,  using  the  working  fluid  as  a lubricant,  provide  axial  and 
radial  support  to  tne  combined  rotating  unit,  similar  foil-type  gas 
bearings  have  been  in  service  on  commercial  DC-10  aircraft  for  more 
than  50  million  rours  with  a mean  time  between  failure  of  250,000 
hours  (Carrett  Corporation,  1979) . Gas  injection  provides  start  and 
restart.  Tha  alternator  load  controls  turbine  speed,  and  a radiator 
bypass  controls  the  compressor  inlet  temperature. 

An  attractive  feature  of  tnis  system  is  that  the  major  components 
(reactor  core,  turoine,  compressor,  and  recuperator)  can  be  operated 
over  a wide  range  of  power  by  varying  the  pressure  rougnly  in 
proportion  to  the  desired  operating  power.  However,  the  electric 
generator  and  heat  rejection  system  must  be  designed  for  the  specific 
power  loads.  Thus  the  design  and  flight  qualification  of  the  initial 
nuclear  power  system  components  are  directly  applicable  for  systems  at 
ocher  power  levels. 


Summary 

Gas-cooled,  metal-clad  nuclear  reactor  fuel  technology  has  been 
developea  and  demonstrated  at  condition-.'  tnat  meet,  and  in  most  cases 
exceed,  the  requirements  for  a nuclear  space  power  system. 
Brayton-cycle  turbomachinery,  bearings,  and  heat  exchanger  components 
are  at  the  same  high  state  of  development.  This  technology  can  form 
the  basis  for  designing  a prototype  space  power  plant  for  ground 
operation  and  for  fabricating  a nuclear  power  system  for  flight 
qualification.  An  industrial  infrastructure  is  in  place  and  available 
to  undertake  this  task  quickly.  The  facilities  necessary  for 
production  and  engineering  testing  are  also  availaole.  A nuclear 
space  powc ~ system  could  initiate  flight  qualification  within  6 years. 

This  system  could  be  designed  and  fabricated  fcr  a fraction  of  the 
cost  of  a more  developmental  system.  Early  fli7.ht  testing  would 
provide  launching,  operational,  and  spacecraft  integration 
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experience.  Tnis  nuclear  apece  power  ayatea  could  alao  aeet  Interla 
space  power  neeos  until  a aore  advanced  ayatea  is  aevoioped  in  pcrnaps 
10-15  years. 

The  overall  specific  weight  of  this  systea  is  expected  to  be 
soaetrtiat  higher  than  that  of  a aore  advanced  systea  because  of  the 
lower  heat  rejection  teaperature.  However,  the  po%#er  systea  is  still 
conpatible  with  the  operational  criteria  of  the  space  transportation 
system. 


CX)AT£D,  SPHERICAL  FUEL  PARTICLE  REACTOR  TECHNOLOGY 
Prograa  Background 

In  194S-1947,  wocK  on  coated  particle  fuels  began  with  tne  Daniels' 
Pile  at  Oak  Ridge  National  Laboratory.  The  pressed  reactor  fuel 
consisted  of  UO2  particles  dispersed  in  a graphite  aatrix.  In  the 
late  1950s,  Ga  initiated  the  Uigh-Teaperature  Gas-Cooled  Reactor 
(UTGK)  program.  Pyrocarbon-coated  fuel  particles  of  UC2  and 
Th-UC2  were  developed  to  prevent  nydrolysis  of  tne  caroide  fuel 
particles  upon  exposure  to  air.  BoLh  the  initial  GA  and  the  Dragon 
(U.K.)  reference  fuel  designs  consisted  of  vented  fuel  in 
impermeable-graphite  sleeves,  when  fabrication  of  low-permeability 
graphite  turned  out  to  oe  difficult  and  expensive,  GA  and  Dragon 
developed  coated  particles  to  retain  fission  prooucts  (Goeddell,  1967; 
Simnad,  1971,  1982) . 

The  Peach  Bottom  UTGK,  a 40-MM(e)  prototype  reactor  power  plant 
project,  with  fuel  based  on  the  particle  technology,  was  initiated  in 
1957  and  decommissioned  in  1974.  The  Peach  Bottom  fuel  element 
consisted  of  a sleeve  of  low-permeability  graphite,  containing  a 
fuel-bearing  middle  section,  top  and  boctoa  reflector  sections,  and  an 
internal  fission  product  trap.  Annular  grooved  fuel  compacts, 
consisting  of  single-layer,  pyrocarbon-coated  fuel  particles  dispersed 
in  a graphite  matrix,  were  stacked  on  a cylindrical  graphite  spine. 

The  single-xayer,  pyrocarbon  coatings  merely  protecteo  the  carbide 
fuel  particles  from  reaction  wi.h  the  atmosphere.  A continuous  flow 
of  nelium  purge  gas  removed  the  fission  products  to  a trapping 
system.  The  first  core  in  Peach  Bottom  was  replaced  in  June  1970, 
after  achieving  a burnup  of  30,000  MWd/t.  The  Core  2 fuel  elements 
utilized  coated  particles  that  were  designed  to  retain  all  fission 
products  witnin  the  particle,  and  experience  from  1970  to  1974  showed 
tnis  fuel  to  be  very  successful. 

As  this  fuel  technology  evolved,  tne  fuel  element  design  for  tne 
large  HTGK  reactors  shifted  to  a hexagonal  clock  with  cnannels 
containing  rods  of  coated  fuel  particles  interspersed  with  channels 
for  ccx>lant  flow  (Figure  4} . This  fuel  element  was  based  on  the  need 
to  produce  a structurally  sturdy  and  simple  fuel  elvtment  for  use  in 
very  large  reactor  cores.  Tnis  design  has  been  successfully 
implemented  and  is  oeing  used  with  excellent  results  in  the  330-MW(e) 
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Fort  St.  Vrain  UTGR  in  Colorado.  To  date,  10-^^  fuel  pacticLes  have 
been  Manufactured  and  used  successfully  in  support  of  UTGKs. 

Extensive  work  has  also  been  conpleted  on  Higher  teoperature, 
coated-particle  fuels  for  the  unique  applications  of  UiCRs  <n  direct 
bray  ton-cycle  conversion  ana  for  process  heat  (Gulden  anc  Nicitel, 

1977;  Gulden  ana  Matson,  1982) . 

Th.'  use  of  coated  fuel  particles  allows  the  core  to  opeirate  at  high 
teoperature  to  very  high  burnups  (o»re  than  70  percent  of  tie  fissile 
fuel)  with  essentially  conplete  retention  of  fission  products  and 
excellent  dinensionai  stability.  Two  types  of  coatings  have  received 
the  iDost  attention  for  the  UTGKs  (1)  blSO,  which  consists  of  two 
carbon  coatings,  i.e.,  a low-density  porous  buffer  inner  coating  and 
an  isotropic  pyrocaroon  outer  coating,  and  (2)  TRISO,  which  consists 
of  four  coatings,  i.e.,  an  inner  porous  ouffer  carbon,  isotrcpic 
pyrocarbon,  silicon  carbide  (SiC) , and  an  outer  isotropic  pyrocarbon. 

The  inner  buffer  layer  of  low-density  pyrocarbon  protects  the  outer 
layer  from  fission  recoil  damage  and  provides  void  space  to 
accoDDDdate  the  fission  gases,  fuel  sv'elling,  and  coating 
contraction.  The  SiC  layer  in  the  TRISO  coatings  decreases  the 
release  of  certa.n  toLtallic  fission  products  that  migrate  readily 
tnrough  pyrocarbon  (e.g.,  barium,  strontium- ■ cesium). 

Ooated-particle  fuel  was  used  rn  the  Rover  and  NER'/A  nuclear  rocket 
programs  (Taub,  1975) . This  fuel  has  a sing..e  coating  of  pyrolytic 
carbon,  and  the  particles  were  oonded  in  a graphite  matrix  in  the  form 
of  hexagonal  rods  with  integre.!  coolant  holes  (see  Figure  5) . These 
particles  had  a relatively  tfin  coating  designed  to  operate  to 
relatively  low  burnups.  The  fuel  particle  packing  traction  was  low, 
allowing  sufficient  matrix  material  to  provide  the  needed  structural 
strength  for  the  fuel  element  wne..  subjected  to  hign-velocity  coolant 
flows  and  core  vibration.  The  fuel  elements  were  cooled  with  hydrogen 
and  achieved  an  out..et  temperature  of  2500  K with  a aesign  lifetime  of 
several  hours,  bos  Alamos  National  Laboratory  (LANL)  also  developed 
and  tested  composite  fuel  elements  containing  graphite  and 
approximately  35  voll  (U,Zr)C  carbide  and  fuel  elements  consisting 
only  of  (U,Zr)C  carbide  for  the  Hover  program  (Lyon,  1973) . 

Tne  use  of  ZrC  coatings  as  a barrier  to  fuel  kernel  migration  and 
fission  product  diffusion  at  very  hign  temperatures  (over  1700  K)  has 
also  been  studied  with  encouraging  results  (Gulden  and  Watson,  1982) . 
Good  performance  for  extended  lifetimes  appears  feasiole. 

The  W-UO2  nuclear  fuel  emements,  developed  in  the  1960s  by 
Argonne  National  Laboratory  and  nasa-lrC  as  backup  nuclear  rocket  fuel 
concepts,  consisted  of  UO2  particles  dispersed  in  a tungsten  matrix 
(Holden,  1967;  Rom,  1968;  Speidel,  1968).  This  fuel  was  fabricated  in 
the  form  of  hexagonal  elements,  containing  hexagonal  honeycomb  coolant 
channels,  by  hot  isostatic  compaction  of  tungsten-coated  spherical 
UU2  particles.  Molybdenum  dummy  rous  were  positioned  in  the  matrix 
for  coolant  channels  and  dissolved  out  after  hot  isostatic  con^action. 

This  paper  describes  four  high-temperature  reactor  concepts  that 
utilize  coated  particles:  (1)  an  SP-100  alternative  reactor  concept. 
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(2)  an  SP-100  advancad  raactor  ooncapt,  (3)  a gas-coolad, 
graphite-clad  reactor  concept^  and  (4)  a gas-cooled  reactor  concept 
using  particle  fuel  in  a fixed  or  rotating  bed. 


SP-100  Alternative  Reactor  Concept 

Tha  SP-100  nuclear  space  power  reactor  is  being  developed  by  LANL 
under  the  sponsorship  of  the  Departaent  of  Energy  (DOB)  (Boudreau, 
1982}  Sudan  and  Stocty,  1982).  The  system  produces  100  liW(e)  and 
consists  of  a reactor  core  cooled  by  beat  pipes  that  thermally  radiate 
to  a thermoelectric  power  conversion  system  mounted  directly  on  the 
radiator  surface.  Bach  heat  pipe  forms  a fuel  element  module  in  the 
core  region.  The  heat  pipe  has  O.S-mm-thich  integral  fins  interspaced 
by  2.0-nm-thick  UO2  fuel  tiles.  Toe  fuel  modules  are  assembled 
together  in  a cylindrical  core  configuration  surrounded  by  a 
structural  vessel  that  is  vented  directly  to  space.  The  core  has  a 
radial  reflector  that  incorporates  control  drums,  axial  reflectors, 
and  a central  cavity  that  houses  a neutron-absorbing  plug  (for  safety 
during  the  launcn  and  preorbital  flight  to  prevent  flooded 
criticality).  The  plug  is  removed  for  reactor  operation. 

The  reactor  fuel  operates  at  a maximum  nominal  temperature  of  about 
1750  K.  When  a heat  pipe  fails,  the  fuel  temperature  will  approach 
2000  K.  Concerns  have  been  expressed  regarding  the  swelling  of  the 
fuel  over  its  7-year  operation  lifetime  and  the  mechanical  interaction 
with  the  finned  neat  pipe.  Tne  fuel  has  been  designed  to  mitigate  the 
effects  of  fuel  atructrual  interaction,  and  an  in-pile  test  program 
nas  been  initiated  to  evaluate  fuel  performance  under  irradiation 
conditions.  Concerns  also  relate  to  fuel  migration,  fission  product 
mobility,  and  interaction  between  the  fuel  and  the  lithium  working 
fluid  of  a failed  heat  pipe. 

Figure  6 shows  the  alternative  fuel  concept  being  developed  at  GA 
under  DOE  sponsorship,  whicn  retains  the  general  configuration  and  the 
heat  pipe  concept  of  the  SP-100  reactor  and  which  answers  these 
concerns.  This  concept  replaces  the  fnel  tiles  and  beat  pipe  fins  of 
the  SP-100  core  with  coated,  spherical  fuel  particles  that  may  be 
bonded  together  in  a matrix  surrounding  toe  heat  pipe.  Tne  overall 
dimensions  of  the  alternative  heat  pipe  fuel  nodule  are  similar  to 
those  of  the  reference  SP-100  design. 

The  coated-particle  fuel  design  is  intended  to  (1)  restrain  fuel 
swellitig,  (2)  prevent  fuex  migration,  (3)  ontain  fission  products, 
and  (4)  prevent  f uel-Cv.^lant  interaction.  Wnen  combined  into  a matrix 
to  form  a fuel  coi(pact,  the  concept  will  (2)  increase  thermal 
conductivity.  (2)  reduce  fuel  temperature,  and  (3)  provide  fuel 
structural  support,  ''l.e  I’se  of  coated-particle  fuel  allows 
flexibility  in  choosing  materials  for  fuel,  fuel  coating,  and  utrix. 


SP-iOO  Advanced  Reactor  Concept 

Tne  heat  pipe  teaperature  of  the  reference  SP-iOO  design  is  limited  by 
the  material  capabilities  of  the  fuel  and  the  refractory  metal 
structural  material  (molybdenum-rhenium)  used  for  the  heat  pipd  and 
fins.  Moiyodenum-rnenium  is  a high-density  material  with  a relatively 
high  parasitic  neutron  capture.  The  reference  SP-IOO  reactor  design 
concept  cannot  achieve  teiqperatures  that  can  oe  effectively  used  with 
out-of-core  thermionic  power  conversion  or  therotophotovoitaic  power 
conversion.  (The  thermophotovoltaics  converter  consists  of  a 
nigh-temperature  emitter,  such  as  tungsten,  that  thermally  radiates  to 
a photovoltaic  collector.  The  photovoltaic  material  operates  at  a low 
temperature  (about  600  K)  and  is  backed  with  a reflector  to  return  the 
photons  not  absorbed  back  to  the  emitter.  The  conservation  of  energy 
is  the  basis  for  the  relatively  high  efficiency  of  the 
thermopnotovoltaic  device.)  Thermophotovoltaics  is  of  particular 
interest,  since  it  has  the  potential  of  high  efficiency  (more  than  25 
percent) . 

An  advanced  SP-IOO  concept  using  a graphite  heat  pipe  and 
coated-particle  fuel  could  increase  the  reactor  and  heat  pipe 
performance  by  at  least  250  K.  This  would  result  in  heat  pipe 
temperatures  of  1750  K,  witnin  the  range  of  interest  for 
high-temperature  power  conversion  systems. 

The  advanced  design  concept,  similar  in  configuration  to  the 
proposed  alternative  SP-lOO  design  shown  in  Figure  7,  is  contingent  on 
the  feasibility  of  a graphite  heat  pipe.  While  more  than  30  years' 
experience  exists  on  tne  use  of  graphite  in  nuclear  reactors,  heat 
pipes  have  not  been  made  from  carbon  materials,  ano  a number  of 
fundamental  development  issues  need  to  be  resolved.  Graphite  has 
excellent  high-te^perature  strengch.  For  (^ration  out  of  the  core, 
where  radiation  levels  are  lower,  a carbon-carbon  composite  could 
provide  tne  exceptional  strength  and  stiffness  needed  for  the  beat 
pipes  to  sustain  dynamic  loading  during  launching.  Carbon  materials 
tend  to  be  porous;  however,  gaseous-  and  liquid-phase  impregnation 
t^^.niques  have  been  developed  to  reduce  permeability  to  acceptably 
low  levels.  Carbon  boat  pipes  would  also  require  a working  fluid  that 
is  chemically  compatible  witn  carbon  and  thac  meets  the  thermal  and 
flow  criteria  for  the  heat  pipe  application.  A number  of  promising 
candiaate  working  fluid  materials  are  available. 

The  nuclear  fuel  concept  uses  coateo,  spnerical-shaped  fuel 
particles  contained  in  a matrix  material  that  bonds  them  to  the  heat 
pipe.  The  fuel  «K>uid  be  uranium  carbide  coated  with  a thin  buffer 
layer,  tnen  a zirconium  carbide  layer.  The  coated  particles  would  be 
made  in  two  sizes,  with  a diaowter  ratio  of  7 to  10,  and  would  be 
vibratory  compacted  into  a high-density  compact.  A hydrocarbon  binder 
fluio  (e.g.,  pitch)  with  a powder  grapnite  suspension  would  be 
injected  into  tne  compact  and  graphitized  to  provide  the  matrix 
material.  The  compact  could  be  formed  integrally  with  the  graphite 
heat  pipe  or  subsequently  bonded  to  tne  heat  pipes. 
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Tite  use  o£  carbide  fuel  will  increase  fuel  loading  and  thermal 
conductivity  more  than  the  use  of  the  reference  oxide  fuel.  Tne 
coating  ana  matrix  material  also  increases  the  overall  conductivity, 
resulting  in  lower  fuel  compact  temperatures.  The  working  fluid, 
whicn  is  compatible  with  tne  heat  pipe,  will  also  be  coa^tible  with 
the  fuel  coating  and  matrix  materials. 


Gas-Cooled,  Graphite-Clad  Heactor  Concept 

The  performance  of  a nuclear  space  power  system  that  utilizes  a direct 
Brayton  cycle  can  be  significantly  improved  by  increasing  turbiM 
inlet  temperature.  A major  effort  was  initiated  in  the  United  States 
to  develop  a high-teiqperature,  gai  urbine-drive  system  for  automotive 
applications  that  are  in  about  the  same  power  range  as  the  space  power 
application.  Tne  turbine  is  a single-stage,  radial,  in-flow  wheel. 

The  inlet  cemperature  is  limited  by  the  turbine  material  and  the  inlet 
duct  material.  The  use  of  ceramic  i^terials  for  ducts  and  turbine 
wneel  can  accommodate  turbine  iniet  temperatures  up  to  1500  K, 
increasing  net  system  efficiency  and  reducing  system  specific  weight 
to  about  10  kg/kW(e). 

A graphite-clad,  coated-particle  fuel  (see  Figure  8)  could  attain  a 
1500  K outlet  temperature.  This  fuel  concept  is  similar  to  that  usee 
in  tne  UTGR.  The  fuel  is  a spherical  particle  that  is  coated  to 
restrain  swelling  and  retain  fission  products.  The  fuel  particles  are 
in  two  sizes  to  provide  maximum  packing  fraction  and  bonded  together 
in  a matrix  material  to  form  a fuel  coiq>act.  The  fuel  compacts  arc 
assembled  in  a high-strength  grapnite  clad,  which  provides  structural 
support  for  tne  fuel.  The  fuel  rods  are  gas  cooled  by  an  inert  gas 
mixture  that  has  a molecular  weight  selected  to  optimize  system 
specific  weight. 

Tne  fuel  rods  are  asrembled  into  a cylindrical  core  configuration. 
They  are  attached  at  the  coolant  inlet  end  by  a support  plate  and 
laterally  supported  at  the  outlet  by  a guide  plate.  The  core  is 
reflected  by  BeO,  and  cylindrical  control  drums  are  located  around  the 
core  circumference.  The  reactor  operates  in  a fast-neutron  spectrum 
because  of  its  small  size  and  high  neutron  leakage  rate.  Tne  nigh 
temperatures  in  the  core  will  minimize  neutron  irradiation  damage  in 
tne  grapnite  cladding  and  matrix  by  annealing  the  'damage. 


Gas-Cooied  Particle  Bed  Keactors 

A reactor  can  attain  by  far  tne  highest  coolant  temperatures  by  using 
coated-particle  fuel  that  is  directly  gas  cooled  in  either  a fixed  or 
rotating  bee.  The  very  high  neat  transfer  coefficients  result  in  low 
fuel  surface-to-gas  temperatures.  Also,  high  surface-to-volume  ratios 
of  the  fuel  particles  result  in  low  neat  fluxes.  Since  the  part:icie8 
are  small,  tne  fuel  temperature  rises  very  little,  resulcing  in  a 
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coolant  tvmpccatur*  vary  ciosa  to  tha  fual  particla  cantac  taaparatura 
tnat  iinita  ctia  syataa.  As  a conaaquanca,  tha  coolant  outiat 
taiqperatuca  can  axcaad  2530  K.  Tba  fual  ia  in  tna  fora  of  apiMrical 
part  idea  coatad  in  a configuration  aiailar  to  UTUR  fual*  including  an 
Sic  or  2rC  coating  protactad  by  an  outar  pyroiytic  carbon  coating. 

Tne  raactor  cora  can  oparata  ac  very  tiign  powar.  Tba  raactor  coraa 
are  conatructad  in  the  fera  of  fixad  or  rotating  bada.  (Tbaaa  ara 
under  developnent  at  Brookhavan  National  Laooratory  (Powail,  1902).) 


Suaauiry 

Tne  oasic  coated  fuel  particle  concept  repraaenta  a wall-aatabliabad 
fuel  teennoiogy  tnat  can  be  uaad  in  a wiae  variety  of  reactor  daaign 
concepts.  The  coated  particles  restrain  fuel  swelling f contain 
fission  products,  prevent  fuel  migration,  and  prevent  fual-coolant 
interaction.  A fuel  coapact  coaposed  of  coated  fuai  particles 
incurporatea  into  a matrix  material  increases  cosiductivity,  ra<lucaa 
fuel  temperatures,  and  provides  fuel  structural  support.  Directly 
cooled  coatea  fuel  particles  can  achieve  very  high  working  fluid 
temperatures. 


IN-CORK  THERMIONIC  REACTOR  TECHNOLOGY 
Program  background 

Programs  to  develop  in-core  thermionic  power  systems  for  nuclear  space 
power  were  initiated  in  the  early  1960s  in  the  United  States,  and 
parallel  programs  were  carried  out  in  France  and  Germany  with 
cooperative  agreements  for  information  exchange.  Although  these 
programs  achieved  considerable  success,  they  were  terminated  in  the 
United  States  in  1973  (General  Acomic,  1973a, b) . However,  the  Russian 
in-core  thermionic  program  has  continued  and  culminated  in  the 
developmenc  of  the  TOPAZ  thermionic  space  reactor,  whicn  is  in 
operational  use  in  tne  USSR  space  program  (Kuznetzov  et  al. , i974) . 
International  conferences  were  conducted  on  thermionic  electrical 
power  generation  under  tne  joint  sponsorship  of  the  International 
Atomic  Energy  Agency  (IAEA)  and  the  European  Nuclear  Energy  Agency 
(ENEA) . The  proceedings  of  these  conferences  comprehensively 
summarize  the  state  of  development  of  both  in-corc  and  out-of-core 
thermionic  technology  (IAEA,  1972) . 

The  U.S.  program  for  thermionic  reactor  developsient  was  supported 
by  the  Atomic  Energy  Commission  and  the  Energy  Research  and 
Development  Administration  (AEC/ERDA) . Thermionic  fuel  material  and 
most  out-of-reactor  converter  development  and  testing  was  supported  by 
NASA  and  the  Department  of  Defense.  Systems  studies  were  supported  by 
both  AEC/ERDA  And  NASA.  General  Electric  and  GA  conducted  parallel 
programs  to  develop  nuclear-f ueled  thermionic  converters  as  a 


TABLS  4 Typical  l&arBionic  OcNivartar  Opacating  Conditions 


Catnods 

Oparacing  taapacatura 
Anoda 

upata^lng  tsapacatura 
Casiua  vapor  prassura 
Catlx)da-to-anodo  gap 
Currant  dansity 
Mat  oparating  voltaga 
diactricai  powar  oansity 
Nat  oonvartar  afficiancy 
Haat  flux  at  coilactor 


Haatad  tungstan 
2000  K 

iiiooluB  or  aolybdanuB 
1000  E 
XO-i  NPa 
^0.2  wm 

*^10  A/cb2 

V 

•^5  M/ca^ 

104 

'*’45  d/ca2 


taconical  coapatition  until  1970»  wnan  GA  was  saiactad  to  davalop  tna 
in*-cora  tbaraionic  raaccor  for  spac*  poaar  applications.  This  prograa 
includad  tha  fabrication  and  in-cora  casting  of  singla-call  and 
aulticail  tharaionic  fual  alaaants»  a tnaraionic  raactor  critical 
axpariaantf  tha  daaign  and  planning  for  a tharaionic  raactor 
axpariaant*  ana  tha  daaign  ot  tharaionic  raactors  ana  powar  syataas 
for  spaca  and  raaota  tarrastrial  applications!  A TUIGA  Mark  111 
tasting  raactor  was  ouilt  for  Ufa  tosting  of  up  to  15  in-cora 
tharaionic  fuel  alaaants  (TPMs)  siaultanaously.  Tha  fabrication  and 
tasting  prograas  wars  nigniy  succassful,  with  in-cora  convartar 
lifatiaas  staadiiy  increasing  to  aora  than  i0»000  hours  of  powar 
oparation.  In  January  1973,  MBDA  cancalad  tha  prog -aa  along  with  all 
ocnar  nuclaar  spaca  powar  and  propulsion  prograas  that  did  not  hava  an 
approvad  aission. 


Tnaraionic  Potior  Convarsion  Principla 

Tnaraionic  aaiosion  is  a wall-known  phanoaenon  that  providas  a basiv 
for  tha  elactron  tuba.  Tharaionic  aaission  can  also  convart  boat 
diractly  into  aiactricity  (Chang,  1963}  Kattani,  1970).  Piguca  9 
anows  tha  oasic  coaqponants  of  a tharaionic  convartar,  and  Tabla  4 
givaa  typical  oparating  conditions.  A haatad  cathoda  aaits  alactrons 
that  travel  across  a narrow  gap  to  a ralativaly  cool  anoda.  Tha 
cathoda  and  anoda  ara  connactoo  through  an  axtarnal  load  iapadanca 
that  coaiplatos  tna  alact' ical  circuit  and  ostabl'soas  a potential 
diffaranco.  To  anhanca  tha  parforManca  of  tha  tharaionic  convartar, 
tna  spaca  charge  in  tha  gap  batwaan  tha  cathoda  and  anoda  is 
suppressed  by  an  ionizaa  aetaliic  vapor,  usually  casiua.  Meat  is 
transferred  frea  tha  cathode  to  tha  anoda  by  elactron  aaiiaaion, 
tharMBi  radiation,  and  casiuai  vapor  conduction.  Tha  Msyfaus  potential 
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•vaiiabi*  to  tha  load  la  Um  ditfatanca  of  tba  catboda  and  anoda  work 
function,  an  nodifiad  oy  tna  adaocoao  caaiun  vapor. 


Tnarnionic  Cali  Oaaign 

Tnaraionic  convartara  can  ganacata  nign  po«#ar  uanaitias  of  tna  aaaa 
■agnituaa  as  nuclaar  raactor  fuai,  ana  tba  raquiiad  catnooa 
tanparaturaa  ara  conaistant  witn  tna  tanparatura  capability  of  aavaral 
fual  forns,  including  uraniun  diosioa  and  ucaniun  carbida.  Tba  basic 
tnaraionic  poaar  convarsion  procass  is  not  oagradao  oy  nuciaar 
radiation.  Fualad  cylindrical  tnaraionic  calls  can  oparata  in  tba 
cora  of  a nuclaar  raactor. 

rypicaliy,  sis  calls  ara  connactao  in  aarias  aiactricaiiy  ana 
assanblcd  into  a tbaraionic  fual  alaaant  (TFE) . In  tbis  dasign,  tba 
fuel  ciaoding  aatarial  is  also  tba  catbooa  or  tna  tnaraionic 
convartar.  daat  ganaratad  in  tna  nuclaar  fuai  is  ^onductad  diractiy 
to  tna  catnoda,  and  alactrical  powar  is  ganarataa  in  tna  spaca  bat«#aan 
tna  catooda  ana  anoda.  An  aiactric  insulator,  with  ralativaly  gooo 
tnamal  conductivity,  and  Mtal  snaatb  separata  tba  anoda  froa  tna 
coolant. 

Tnis  in-cora  tbaraionic  raactor  concapt  nas  savaral  innarant 
advantagas  over  otnar  raactor  concaptst 

1.  Since  the  reactor  tneraal  power  is  applied  directly  to  the 
power  conversion  coaponants,  energy  need  not  be  transported  in  a 
nign-teaperature  puaped  loop  or  neat  pipe  syscea  tor  reasonable  power 
con*'ersion  efriciency. 

2.  Since  the  anode  teaperature  is  slightly  nigber  than  the  coolant 
terperature,  a relatively  aaail  radiator  can  redact  waste  heat,  giving 
the  reactor  a nigh  specific  powar. 

3.  The  TFSs  can  provide  redundancy  to  safeguard  systaa  perforaance 
against  individual  TFK  r»!lure. 

4.  The  failure  of  a TF£  by  snortiitg  or  an  open  circuit  will  not 
propagate  outside  the  TPb. 

5.  Since  the  systea  is  coaposeo  of  a laiga  r.uabcr  ot  unit  ceils, 
tne  principal  aevelopaent  can  be  accoaplisned  on  a unit  cell  level. 
Subsequently,  ths  unit  ceils  can  be  asseou>ieo  into  an  operating  systea 
witn  the  desired  power,  thus  saving  considerable  developaent  cost  and 
tine. 

Tnese  advantages  are  accoapanied  oy  soae  inner •••'t  dixf  icultiesi 

1.  The  TF£  design  requires  relatively  saall  interelectrode 
sp<*cing,  wnicn  liaits  cathc  distortion  resulting  fron  fuel  swelling. 

2.  Uiftusion  of  fuel  na>  \als  into  tne  enitter  and  subsequent 
transfer  to  the  collector  can  change  electrode  wora  functions  and 
reduce  electric  pertoraance. 
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TAfiLH  5 Tharaionic  Fuai.  Ui«Mnt  Matariaxs 


liaittac 

Tungatan 


Surfaca 
Coiiactor 
£iactric  xaad 
Outar  anaatn 
Fuai  BBtaclaX 

Range  of  carboiv^uranlua  ratio 
Fuai  body  tnaroaticai  oanalty 
NaxiBua  aaittar  cavity  xoading 
Insulator-saai 
ShaatA  insulator  (triiayar) 


Innar  0.7-mi  vapor  aapositad  frosi  WF( 
Outar  0.3-ain  vapor  dapositad  froa  MCi^ 

Klactropoiianad  (110)  oriantation 

Niooiua 

Holybdanua 

Nb>li  Zr 

90H  UC-lOt  ZrC  plus  4 wt%  tungstan 
l.Oi  4 C/U  4 X.03 
77%  av 

69%  of  thaortc  cal  dansity 
drazad  Nb-Al203  (Lucaiox)-Nb 
Gas-prassura-boixied  Nb-Al203/Nb 
caraat  (plasaa  sprayed) -Nb 


3.  insulation  and  sealing  aaterials  are  also  subject  to 
fast-neutron  daaage  and  thermal  aegradation. 

Past  development  programs  have  aemonstrated  TFE  performance  in 
excess  of  i0,000  nours.  A continued  development  effort  is  necessary 
to  determine  the  lifetime  potential  of  in-core  thermionics  and  the 
overall  TFE  reliability. 

Figure  10  shows  the  design  of  a typical  dU-mm-xong , 30-mm-diameter 
thermionic  cell  and  the  alignment  spring  and  ceramic  insulator  used  to 
connect  it  to  the  next  cell  in  a TFE  for  irradiation  testing.  Tne 
emitter  is  made  of  a two-layer  tungsten  cup  containing  fuel  pellets  of 
UO2  or  90%  UC-10%  ZrC.  The  outer  surface  layer  of  the  emitter  has  a 
(llO) -or rented  tungsten  grain  structure  (approximately  5.0-eV  base 
work  function)  coated  on  a (100) -oriented  tungsten  grain  structure 
with  high  creep  strength  and  stable  grain  structure.  An  insulating 
layer  of  alumina  bonds  a cylindrical  niooium  collector  to  an  outer 
sheath  of  niooium-1%  zirconium;  the  collector  is  aligned  concentric 
with  the  emitter,  with  a 0.2-mm  radial  gap.  An  insulating  ring  of 
alumina  joins  the  emitter  and  the  collector  together  to  seal  the 
cesium  vapor  in  the  interelectrode  gap  without  shorting  the  electrodes. 


Thermionic  Fuel  Element  Design 

A typical  TFE  design  (snov'.i  in  Figure  11)  consists  of  six  individual 
ceixs  assembled  in  the  sheath  tube  with  end  reflectors  ot  BeO  and 
electrical  leads.  Table  5 gives  the  TFa  fabrication  materials. 


Tne  cells  are  connected  electrically  in  seriesi  the  cell  spacing 
ana  alignment  are  maintained  by  the  electrical  connection  at  the  top 
o£  the  cell  and  an  alignment  spring  and  ceramic  insulator  at  the 
bottom  o£  the  emitter.  The  catnode  of  each  cell  is  electron  beam 
welded  to  tne  anode  of  tae  ceil  above  it.  Connecting  holes  between 
ceils  provide  access  for  cesium  vapor  from  a reservoir  r<Mtsiae  the 
reactor  vessel.  A passage  in  the  electrical  lead  conne^  i the 
reservoir  to  the  TFi;.  Long-time  operation  of  the  TFE  requires  fission 
product  gas  to  be  vented  from  the  emitter  fuel  cavities  through 
passages  in  tne  sneath  tube  insulation  and  then  through  a passage  in 
the  electrical  leads  to  external  fission  product  traps. 

After  tne  six  cells  are  welded  together,  the  assembly  is  plasma 
sprayed  with  AI2O3  in  the  intercell  regions  and  assembled  into  the 
sheatn  tube.  A degassing  and  bonding  process  completes  tne  assembly. 

The  TF£s  are  made  in  two  sizes:  the  E series,  with  a x.6-cm 

emitter  diameter  and  2.1-cm  outside  diameter  for  megawatt-class 
reactor  applications,  and  cue  F series,  witn  a 2.8-cm  emitter  diameter 
and  3.3-cm  outside  diameter  for  lower  power  levels,  where  reactor 
criticality  limits  require  higher  fuel  volume  fractions,  fiotn  size 
TFEs  nave  a cell  length  of  7.4  cm,  with  a fuel  length  in  eacn  cell  of 
5.1  cm. 

In  developing  the  Tnermionic  ceils  and  TFEs,  GA  developed  a great 
deal  of  material  and  fabrication  technology.  The  following  is  a 
suiomary  of  a few  of  the  most  significant  technological  developioents: 

o btaole  UO2  plus  uC-ZrC  fuel  clad  for  more  than  10,000  hours 
o C.iemicaily  vapor-deposited  (CVO)  tungsten  emitters  with  stable 
grain  structure  at  2000  K 

o Oriented  (110)  CVD  tungsten  emitter  surface  coatings  for 
improved  electrical  performance 

o Diffusion  bonds  of  CVD  tungsten  to  tantalum 
o Al203-to-niobium  insulator  seal  for  1200^0  service 
o Gas-pressure-bonded  Al203-Nb  trilayer  sheath  insulator 
o Refractory  metal  outgassino  and  weJding  techniques  for  cell  and 
TFE  assembly 

o Diffusion  bonds  between  niooium  inner  and  outer  sneaths. 


In-Core  Testing 

Thermionic  devices  and  fuel-clad  capsules  were  tested  in  the 
thermionic  test  reactor  (TITR)  at  GA.  The  in-core  tests  were  incenoed 
to  demonstrate  improved  lifetimes  by  uporaded  components  and  to 
determine  how  a combination  of  fuel  and  fission  product  diffusion  and 
the  nuclear  environment  affected  performance.  The  tests  included 
device  start-up,  performance  mapping,  periodic  logging  of  data, 
diagnostic  measurements,  ana  neutron  raaioc^rapns;  analysis  and 
interpretation  of  the  data  obtained  foll.:w«Ki. 
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Thirty-seven  thermionic  devices  underwent  in-pile  life  tests 
between  196k  and  1973  (see  Table  6) . In-core  converter  lifetimes  were 
considerably  improvea«  with  the  longest  tests  increasing  from  1»000  to 
2,000  nours  in  1965  to  more  than  12,000  hours  by  1972.  About  three  or 
tour  devices  were  tested  per  year  until  mid-lS71,  when  a new  core 
installed  in  the  TITK  (coincident  with  the  start-up  of  tne  first 
full-lengtn  TFL,  6F1)  allowr.a  10-15  simultaneous  tests  per  year.  This 
increased  number  of  tests  increased  the  information  available  to  the 
development  program  and  shortened  the  time  to  assess  improvements. 

Figure  Ik  gives  the  maximum  lifetimes  and  representative 
performance  levels  of  the  TFFs.  The  longest  in-core  TFE  test  was  by 
TFE  2E1,  a cwo-cell  element  that  operated  for  12,535  hours  at  1900  K 
maximum.  The  second  longest  test  was  by  TFF  2£2,  wnich  was  still  in 
operating  condition  when  the  program  Closed. 

Figure  l3  snows  tne  operating  performance  of  TFE  2£2  over  the  full 
operating  lifetime.  Its  operation  included  thermal  cycling  due  to  10 
reactor  shutdowns  and  11  trips.  Its  performance  was  stable  witiiin  ^10 
percent  cnrougnout  tne  test.  Radiographs  taken  about  every  2,000 
hours  over  tne  operating  lifetime  of  the  element  showed  no  evidence  of 
f uel-ciadding  reactions. 

AS  snown  in  Figure  11,  TFE  2E2  was  just  one  of  six  TF£«  still  in 
operating  condition  when  the  program  closed  in  January  1973.  These 
TFEs  concaineu  improvements  in  fuel  configuration  and  copposition  that 
were  expected  to  improve  the  distensional  and  chemical  stability  of 
fueled  emitters  and  increase  TFE  lifetime.  In  January  1973,  testing 
of  an  electrically  heated  life-test  cell  was  also  terminated.  This 
cell  nad  operated  in  tne  laboratory  for  more  than  5 years  and 
demonstrateo  the  long-lifetime  potential  of  thermionic  converters. 


Tnermionic  Cure  Design 

Figure  14  snows  che  general  arrangesient  of  a typical  thermionic 
reactor  core.  Tne  fuel  elements  are  arranged  on  a triangular  pitcn 
and  supported  between  two  plates.  They  are  welded  to  the  upper  plate 
tnrougn  wnicn  the  electrodes  extend  and  are  guided  oy  the  grid  plate 
at  tne  otner  end.  Tne  fuel  elements  incorporate  an  axial  reflector. 
Tne  cors  is  surrounded  by  a radial  deU  reflector  witn  integral  control 
drums.  The  control  material  is  a B4C  segment  on  tne  control  drums. 

A liquid-metal  coolant  enters  tne  reactor  vessel  and  flows  up  through 
an  . nnuiac  passage  around  tne  core.  When  tne  coolant  re^.cnes  the 
plenum  at  the  top  of  the  core,  it  ficws  racially  inward,  then  bacx 
througn  the  passages  oetween  the  fuel  elements  to  remove  tne  waste 
neat  from  tne  core.  The  coolant  then  flows  through  a tungsten  gamma 
shield  to  tne  coolant  outlet  nozzle. 

The  core  is  composed  of  one  or  two  types  of  fuel  assemblies, 
depending  on  tne  system  power  capaoility.  For  higner  power,  the  core 
is  composed  entirely  or  TFEs.  A minimum  of  aoout  162  TFEs  are 
required  to  achieve  nucieai  criticality;  this  provides  120  kW(e) . 


TABLE  6 Siuaiary  of  GA  Thernlonic  In-Plle  Life  Tests 
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rower  can  be  increase'J  into  tne  meuawatt  range  by  increasing  the  core 
size  ana  tne  number  of  TFEs.  For  power  below  120  KW(e),  fewer  TFEu 
are  required.  Critical  reactor  configurations  are  attained  by  using 
uraniun-zirconiun  hydride  (U-Zrri)  driver  fuel  elements  l cm  in 
diameter  I similar  to  SNAP  or  TKICa  reactor  fuel  elements.  For  power 
from  about  40  to  lOO  kW(e),  individual  TFEs  are  each  surrounded  by 
U-ZrH  fuel  elements  in  a critical  reactor  configuration  (Homeyer, 
I9^y) . This  arrangement  is  similar  to  actual  test  configurations  of 
the  thermionic  test  r«>actor  usea  for  in-core  TFE  irradiations.  For 
l<’jwer  power,  a aitiona.  driver  fuel  is  arranged  around  the  critical 
core,  whicn  contiins  TFes  and  driver  elements.  Figure  15  shows 
typical  reactor  coni igurations. 


Tnermionic  Reactor  System  Design 

Figure  lb  snows  a typical  arrangement  or  a tnermionic  power  reactor 
system  for  a mannea  space  station  (General  Atomics,  196U;  Gietzen  et 
al. , 197i) . Primary  iKiuid-metal  coolant  is  circulated  tnrough  the 
reactor  by  electromagnetic  pumps.  A compact  neat  exchanger  transfers 
heat  from  the  primary  to  cne  secondary  coolant.  The  secondary  loops 
distribute  the  neat  to  radiator  panels,  wnich  are  comp’'>sed  of  many 
heat  pipes  to  provide  a highly  redundant,  lightweight,  ana  nearly 
isothermal  radiating  surface.  For  the  higner-power  reactor  systems 
composed  entirely  of  TFEs,  tne  cooling  system  car.  operate  at  about 
1000  K,  resulting  in  a relatively  small  radiator.  For  lower  power 
systems  using  U-ZrH  driver  assemblies,  tne  coolant  temperature  must  be 
lower  (about  800  K)  to  oe  compatible  with  the  tempeiature  limits  of 
the  driver  fuel  elements. 

The  radiation  shields  consist  or  lithium  hyaride  to  attenuate 
neutrons  and  tungsten  to  attenuate  gamma  rays.  For  manned 
appxications,  a relatively  thin  primary  shield  at  the  side  and  top  of 
the  reactor  limits  the  dose  rate  to  100  R/h  at  30  m in  any  direction. 

A tnicK,  multilayer,  secondary  shield  at  tne  bottom  of  tne  reactor 
protects  occupants  of  tne  space  station.  The  primary  shield 
attenuates  radiation  from  tne  reactor  and  protects  the  secondary 
coolant  from  activation.  The  secondary  shield  attenuates  tne  gaiuuk: 
radiation  from  tne  activated  primary  coolant  in  tne  heat  exchanger  and 
further  attenuates  radiation  emitted  from  tne  rerctor.  The  size  and 
configuration  of  the  shield  depend  on  tne  dose  criteria  tor  the 
payload  ana  tne  specific  spacecraft  cor  figuration. 

The  radiator  is  located  within  tne  shadow  of  the  snieid  to  reduce 
secondary  scattered  radiation.  Power  conditioning  equipment  is 
located  between  tne  radiator  and  tne  secondary  snieiu  ana  arraiiged  to 
reject  waste  heat  by  direct  radiation.  To  increase  TFE  lifetime  and 
minimize  fuel  claa  (emitter)  distortion,  tne  gaseous  and  volatile 
nuclear  fission  products  are  vended  f.’rom  tne  core  and  collected  in 
external  fission  proouct  traps.  This  mai.^tains  internal  pressure  in 
tne  fueled  coMiponents  at  about  0.1  MPa.  The  control  aruot  drive  units 
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are  aiso  mounted  outside  of  the  reactor,  ei*^her  as  shown  in  Figure  16 
or  behind  the  primary  shield. 


Summary 

By  tne  conclusion  of  tne  in-core  thermionic  reactor  program  in  1973, 
the  development  tests  on  the  thermionic  fuel  element  design  had 
confirmed  the  basic  feasibility  of  an  in-core  thermionic  reactor.  The 
program  aemonstrated  TFF.  lifetimes  of  greater  than  11,000  nours,  and 
design  improvements  were  proposed  to  further  extend  the  operating 
lifetime.  An  electrically  he^  life-cest  cell  operated  for  more 
than  5 years.  Overall,  system  designs  had  been  prepared  for  missions 
from  10  xw(e)  to  1 MW(e) . 

The  in-core  thermionic  reactor  concept  nas  several  unique  features 
that  make  it  an  attractive  candidate  space  power  system: 

1.  Since  the  thermionic  conversion  process  is  directly  coupled  to 
the  nuclear  fuel,  energy  neea  not  be  transported  in  a hign-tenperature 
heat  pipe  system  or  pumped  loop  to  achieve  reasonable  power  conversion 
efficiency. 

2.  Since  tne  neat  rejection  system  can  operate  at  a relatively 
nign  teiqperature,  resulting  in  a small,  lightweight,  highly  efficient 
radiator,  t c reactor  system  can  achieve  a nigh  specific  power. 

3.  eactoc  can  operate  over  a wide  range  of  power  utilizing 
the  same  TF£  module. 

4.  Tne  module  fuel  element  also  can  easily  perform  multiple 
irradiation  tests  in  a standard  TRIGA  research  reactor. 

Although  this  program  was  terminated  almost  10  years  ago,  key 
members  of  tne  original  development  program  staff  still  work 
together.  Fabrication  and  testing  facilities  can  be  quickly 
replicated,  and  the  in-core  thermionic  program  can  be  reinitiated  with 
minimum  delay.  The  in-core  thermionic  reactor  concept  has  already 
achieved  significant  developmenta ' succ  and  shows  sufficient 
potential  to  be  a strong  candidate  nuc'.  space  power  system. 


CONCLUSION 

Tnrce  nign-temperature  reactor  technologies  nave  oeen  described  here 
that  can  provide  a basis  for  one  or  more  nuclear  space  power  systems. 
Figure  17  lists  these  systems  and  qualitatively  compares  tneir 
relative  merits  against  those  of  the  SP-100  reference  design  concept 
for  (1)  development  status,  (2)  specific  powec,  (3)  potential 
lifetime,  and  (4)  power  potential.  It  rates  each  nuclear  space  power 
system  as  high,  medium,  or  low  in  each  category.  Of  course,  each 
rating  varies  widely,  is  very  subjective,  and  is  intended  only  to 
provide  an  initial  relative  perspective  of  the  systems. 
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The  development  status  of  tnese  systems  extends  from  one  extreme, 
where  the  performance  and  lifetime  feasibility  have  not  been 
demonstrated,  to  tne  other  extreme,  where  the  systems  have  fully 
developed  tecnnology  ready  for  final  design  and  prototype  production. 
In  the  midrange  are  development  programs  to  establish  levels  of 
component  reliability. 

Figuce  17  lists  the  reactor  power  systems  in  the  approximate  order 
of  increasing  system  temperature.  It  t:hows  expected  trends  in 
specific  power  (kW(e)/xg),  potential  lifetime  (hours  of  operation), 
and  potential  maximum  system  power.  Specific  power  should  generally 
increase  with  temperature;  potential  lifetime  should  decrease  with 
increasing  temperature;  and  power  potential  should  also  increase  with 
system  temperature  (except  in  the  case  of  a reactor  cooled  with  heat 
pipes.  Where  the  power  density  is  lower  and  the  required  number  of 
heat  pipes  cannot  be  substantially  increased) . 

All  candidate  nuclear  space  pov<>r  systems  shoulu  undergo  a much 
more  quantitative  evaluation  to  cover  a broader  range  of  significant 
system  performance  parameters. 


ACKNOWLEDGMENTS 

The  author  wishes  to  thank  M.  T.  Simnad,  L.  Yang,  T.  D.  Gulden,  R.  J. 
Campana,  and  W.  G.  domeyer  of  GA  Technologies,  Inc.,  and  Lyle  Sir  of 
the  Garretc  Corporation  for  their  technical  assistance  in  writing  this 
paper. 


REFERENCES 


Aerojet-General  Nucleonics.  1966.  Army  Gas-Cooled  Reactor  System 
Program,  Program  Final  Report,  Aerojet-General  Nucleonics  Rep. 
IDO-28655,  March  1966.  San  Ramon,  Calif. 

Boudreau,  J.  E.  1982.  The  los  Alamos  neat-pipe  reactor  and  its 

relation  to  possible  DOD  mi/<sions.  Paper  presented  at  Symposium  on 
Advanced  Compact  Reactor  Sysvems,  Washington,  U.C. , November  15-17, 
1982,  sponsored  by  National  Research  Council,  Commission  on 
Engineering  and  Technical  Systems. 

Buden,  D. , et  al.  1979.  Selection  or  Power  Plant  Elements  for  Future 
Reactor  Space  Electric  Power  Systems.  LANL  Rep.  LA-7858,  Sept. 

1979.  Los  Alamos,  N.  Mex.:  Los  Alamos  National  Laboratory. 

Buden,  U.,  and  J.  Stocky.  1982.  SP-100  Conceptual  Design  jescription. 

No.  1.  National  Aeronautics  and  Space  Administration  Rep. 

NASA-SPL,  June  1982.  Pasadena,  Calif.:  oet  Propulsion  Laboratory, 

California  Institute  of  Technology. 


75 


Chang,  S.  S.  L. , 1963.  Energy  Conversion.  Pp.  107-132.  Englewood 
Cliffs,  N.J.:  Prentice-Hall. 

English,  R.  1982.  Power  generation  from  nuclear  reactors  in 

aerospace  applications.  Paper  presented  at  Symposium  on  Advanced 
Compact  Reactor  Systems,  Washington,  D.C. , November  15-17,  1982, 
sponsored  by  National  Research  Council,  Commission  on  Engineering 
and  Technical  Systems. 

General  Atomics  Co.  1968.  Thermionic  Power  Plants  for  Manned 
Electrically  Propfc.iled  Planetary  Vehicles.  GA  Rep.  7771,  Nay 
1968.  San  Diego,  Calif. 

General  Atomics  Co.  1973A.  Development  of  Tnermionic  Reactor  Space 
Power  System,  Final  Summary  Report.  GA  Rep.  GULF-GA-A12608,  June 
1973.  San  Diego,  Calif. 

General  Atomics  Co.  1973o.  Nuclear  Thermionic  Power  System  for 
Electric  Propulsion.  GA  Rep.  GULF-GA-C12377,  Jan.  1973.  San 
Diego,  Calif. 

Garrett  Corporation.  1979.  Study  of  Reactor  Brayton  Power  System  for 
Nuclear  Electric  Propulsion.  Garrett  Corp.-AiResearcn  Rep. 

31-3321,  Sept.  1979.  Pnoenix,  Ariz. 

Gietzen,  A.  J.  et  al.  1971.  A 40  kWe  Thermionic  Power  System  for  a 
Manned  Space  Laboratory.  G«  Rep.  GULF-GA-A1U535,  July  1971.  San 
Diego,  Calif.:  General  Atom.c  Company. 

Goeddell,  W.  V.  1967.  Coated  particle  fuels  in  high-temperature 
reactors.  Nucl.  Appl.  3(10) :559. 

Gulden,  T.  D.,  and  U.  Nic*'  L (eds.).  1977.  Symposium  on  coateu 

particle  fuels.  Nucl.  Technol.  35. 

Gulden,  T.  D.,  and  J.  F.  Watson.  1982.  High  temperature  fuels  for 
advanced  systems.  Paper  presented  at  Symposium  on  Advanced  Compact 
Reactor  Systems,  Washington,  D.C. , November  15-17,  1982,  sponsored 
by  National  Research  Counci:.,  Commission  on  Engineering  and 
Technical  Systems. 

Holden,  A.  N.  1967.  Dispersion  Fuel  Elements.  Monograph.  New 
York:  Gordon  and  Breach. 

Uomeyer,  W.  G.  J^'69.  Tne  Performance  of  Tnermionic  Reactors  for  50 
to  100  kWe.  GA  Rep.  GA-9486,  Nov.  1969.  San  Diego,  Calif.: 

General  Atomic  Company. 


76 


IAEA.  1972.  Tnermxonic  Electric  Power  Generation  Proceedings,  3rd 
International  Conference,  June  1972.  Julich,  FKGt  International 
Atomic  Energy  Agency  and  European  Nuclear  Energy  Agency. 

Kettani,  M.  A.  1970.  Direct  Energy  Conversion.  Pp.  182-221. 
Reading,  rtass. : Addison-Wesley. 

Kuznetzov,  V.  A.,  et  al.  1974.  Development  and  construction  of  the 
thermionic  nuclear  power  installation  'TOPAZ.'  ntomnaya  Energyia 
36(b) :45U0. 

Layton,  J.  P. , et  al.  i982.  High  Temperature,  Compact 

Nuclear  Fission  Reactors — A Survey.  Rep.  T-SAC  82-001,  Sept. 

1982.  Princeton  Junction,  N.J.:  Techno-Systems  Analysis  Corp. 

Lyon,  L.  L.  1973.  Performance  of  (U,Zr)C-Graphite  Composite  and  of 
(U,Zr)C  (Carbide)  Fuel  Elements  in  the  NF-1  Reactors.  LANL  Rep. 
LA-5398MS,  Sept.  19'73.  Los  Alamos,  N.  Hex.:  Los  Alamos  National 

Laboratory. 

Nuclear  Energy.  1982.  AGR's,  Special  Issue.  21(1) . 

Nuclear  Engineering  Design.  1977.  Gas-cooled  fast  breeder  reactor 
engineering  and  design.  Special  Issue.  40(1) . 

Powell,  J.  R.  1982.  Particle  bed  reactors  and  related  concepts. 

Paper  presented  at  Symposium  on  Advanced  Compact  Reactor  Systems, 
Washington,  D.C. , November  15-i7,  1982,  sponsored  by  National 
Research  Council,  Commission  on  Engineering  and  Technical  Systems. 

Horn,  F.  E.  1968.  Nuclear-Rocket  Propulsion.  NASA-Lewis  Rep.  NASA  TH 
X-1686,  Nov.  1968.  Cleveland,  Ohio:  NASA-Lewis  Research  Center. 

Simnad,  M.  T.  1971.  Fuel  Element  Experience  in  Nuclear  Power 
Reactors.  Amevican  Nuclear  Society-Atomic  Energy  Commission 
Monograph.  Chicago,  111.:  American  Nuclear  Society. 

Simnad,  k.  T.  1982.  A orief  history  of  nuclear  fuels.  J.  Nucl. 
Macer.  100:78-107. 

Simon,  R.  U.  1982.  A History  of  and  Prospects  for  Gas  Cooled 

Reactors  in  the  United  States.  GA  Rep.  GA-A16637,  Kay  1982.  San 
Diego,  Calif:  GA  Technologies,  Inc. 

Speidel,  £.  0.  1968.  Preparation  and  Properties  of  Cermet  Fuels. 

Rep.  BMI-1842,  June  1968.  Columbus,  Ohio:  Battelle  Memorial 

Institute. 


77 


Taub,  J.  M.  1975.  A Meviaw  of  Fuel  Ei«i»nt  Mvaiopaent  for  Nuclear 
RocKet  r;nglne8.  LANb  Kep.  LA-5931f  June  1975.  bos  Alaaios,  N. 
Hex.:  Lob  Alaaos  National  Laboratory. 


79 


I 


80 


FISSILE 

(U235 


81 


84 


FIGURE  7 Advanced  SP-100  reactor  using  all-carbbn  system 
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FIGURE  10  Thermionic  cell 
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HOURS  IN  THOUSANDS 


HEAT  REJECTION  RADIATOR 


FIGURE  16  Thermionic  reactor  power  system. 


PARTICLE  BEU  Ki!;ACTO«fi  AND  RELATliO  CONCEPTS 


J.  R.  Powell  and  T.  E.  Botts 
Bruoknaven  National  LaDocatory 
Upton,  New  York  11973 


ABSTRACT 

Compact  high-pertormance  reactor  designs  based  on  HTGR  particulate 
fuel  are  analyzed.  The  large  surface  area  available  with  the 
small-dianeter-particulate  (aoout  500 ^m)  fuel  allows  vary  high  power 
densities  (megawatts  per  liter) , small  temperature  differences  between 
fuel  and  coolant  (about  10  K),  high  coolant  outlet  temperatuie 
(1500-3000  K,  depending  on  design) , and  fast  reactor  start  up  (about 
2-3  s) . Two  reactor  concepts  are  developed — the  Fixed-Bed  Reactor 
(PbR) , where  the  fuel  particles  are  packed  into  a thin  annular  bed 
between  two  porous  cylindrical  frits,  and  the  Rotating-Bed  Reactor 
(RBR) , where  the  fuel  particles  are  held  inside  a cold  rotating 
(typically  about  500  rpm)  porous  cylindrical  frit.  In  both  designs, 
coolant  flows  througn  the  fuel  bed  in  the  radially  inward  direction. 
The  FBR  can  operate  for  long  periods  (months  to  years)  in  the 
closed-cycle  He-cooled  mode  or  in  the  open-cycio  H^-cooleu  mode.  In 
the  latter  mode,  integrated  operational  time  is  a few  hours  at  most, 
owing  to  storage  limitations.  The  Fbm  can  quickly  switch  between 
modes,  if  desired.  The  RBR  will  operate  only  in  the  open-cycle 
U2-cooled  mode,  rtaximum  power  capaoiiity  for  tne  FBR  is  about  300 
MW(t)  in  the  closed-cycle  mode  and  aoout  1000  fW(t)  in  tne  open-cycle 
mode;  maximum  power  for  the  RBR  is  about  5000  MW(t) . The  FBR  would  be 
used  with  a turbine  in  either  tne  closed-cycle  or  the  open-cycle  mode; 
the  RBR  could  be  uced  for  direct  thrust  or  could  produce  electricity 
with  a magnetohydrodynamic  (MUU)  generator  or  a turbogenerator. 
Experiments  on  particle  beds  relating  to  the  FBR  and  RBR  are 
described.  Development  requirements  are  assessed.  These  appear 
modest  for  the  FBR  out  are  more  substantial  for  the  RBR. 


INTRODUCTION 

Tne  increasing  activity  in  space  will  require  major  advances  in  power 
and  propulsion.  This  paper  describes  reactor  systems  being 
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investi^ateu  at  BcooKnaven  National  Laboratory  (BNL)  based  on  the 
8niaii-cuameroc-p^rticui.ate  fuel  devt^  loped  for  high-temperature 
gas-cooleu  reactor a (UTURs) . These  reactors  have  high-performance 
potential  and  appear  suitable  for  relatively  quicw  development. 

Figure  1 illustrates  the  spectrum  of  potential  power  systems  for 
space  nuclear  power.  At  the  low  end  of  the  power  spectrum  (hundreds 
of  kilowatts  to  a few  megawatts) , electrical  generation  will  typically 
be  for  long  periods  (montns  to  years) . This  dictatec  a closed 
thermodynamic  cycle,  with  radiative  heat  rejection  to  space.  Tnese 
reactors  would  oe  used  for  station  keeping,  communications,  radar,  etc. 

At  tne  other  end  of  the  power  spectrum,  reactors  with  power  outputs 
of  tens  to  hundreds  of  megawatts  are  desireo.  These  would  generate 
electric  power  tor  pulsed-energy  devices  or  act  as  direct  thrust 
nuclear  rockets  for  orbit  raising.  Suca  reactors  probably  will 
operate  in  tne  open-cycle  moue  with  high-temperature  B^  coolant. 

They  will  nave  a relatively  snort  integrated  operating  life  (minutes 
to  hours) . Heat  rejection  woula  ije  provided  oy  dumping  waste  coolant 
into  space.  For  very  short  lifetime  generation,  open-cycle  chemical 
systems  witn  turbines  or  MHU  generators)  could  be 

considered.  However,  h^-cooied  reactors  can  generate  much  more 
electrical  energy  per  kilogram  of  coolant  consumeu  tnan  chemical 
systems.  Nuclear  systems  are  tnus  preferred  for  operating  times 
longer  than  a few  minutes. 

Reactors  coula  also  operate  at  intermediate  powers,  generating 
electric  power  for  electric  thrusters  or  advanced  puised-energy 
systems.  Tne  long  operating  time  in  these  applications  will  require 
closed-cycle  power  generation,  f.t  the  power  levels  shown,  a 
lightweight  radiator  will  be  necessary. 

An  attractive  lightweight  liquid-droplet  radiator  (LDR)  nas  been 
proposed  by  Mattick  and  Hertzberg  (i9B0) . in  this  concept,  r** ject 
heat  would  radiate  from  a sheet  of  small-diameter  liquid  drops  (e.g., 
i00-/iu  lithium  drops)  . Tne  sheet  would  be  sprayed  from  a set  or 
nozzles  toward  a collector.  Tne  collecten  liquid  would  be  reheated 
and  recycled  to  tne  spray  generator.  The  LDR  shoulu  be  a very  light 
structure  compared  with  conventional  fin-tube  or  heat  pipe  raoiators. 

If  developed,  neat  rejection  at  powers  of  tens  of  megawatts  would 
prove  practical. 

Assuming  a nign-performance  LDR,  closed-cycle  systems  could  deliver 
electric  powers  comparable  to  those  of  open-cycle  systems.  Powers  up 
to  about  10  MW(e)  coula  be  used  in  electric  thrusters.  For  aavanceu 
energy  applications,  cw  (confinuous  wave,  i.e.,  iteaay  state)  powers 
of  tens  of  megawatts  (electric)  are  desired. 

Multimoaal  operation  is  more  desirable  than  single-mode  operation. 
Having  one  reactor  carry  out  aiffecent  missions  eliminates  tne  weight 
of  extra  reactors.  Figure  2 snows  two  examples  of  multimode 
operation,  in  the  oimodal  system,  tne  reactor  operates  most  of  the 
time  in  a closed-cycle  (cw)  mode  at  relatively  low  power  (Mode  1) . 

Wnen  necessary,  it  rapidly  snifts  to  a high-power,  open-cycle  mode 
(Mode  2) . Suen  a reactor  could  continuously  generate  hundreds  of 


Kilowatts  for  station  keepiitg,  communications,  rtdar,  etc.  Upon 
deioand,  it  coula  supply  tens  vo  nundreds  of  megawatts  for  short 
perioas  (minutes  to  hourr)  for  pulsed-power  applications. 

In  the  trimooal  system,  the  reactor  woulo  operate  in  three  modes i 

(1)  a short-term,  nigh-power,  direct  thrust  mode  for  orbit  raising, 

(2)  a loixj-term,  closed-cycle,  low-power  mode  for  station  keeping, 
etc.,  and  (3)  a snort-term,  high-power,  pulsed  electric  generation 
mode. 

The  advantages  of  multimode  operation  are  somewnat  offset  by 
increased  system  complexity.  For  any  particular  mission,  the 
trade-offs  oetween  lower  wslgnt  and  increased  complexity  will 
determine  whether  separate  or  multimode  operation  is  more  desiraMe. 

The  time  and  costs  to  develop  any  space  reactor  will  be 
substantial.  Thus  there  is  a strong  incentive  to  develop  space 
reactors  that  will  cover  as  wide  a range  of  applications  as  possible. 

The  compact  reactor  concepts  based  on  HTGR  particulate  feel  being 
developed  at  BNL  should  meet  a wide  range  of  applicf.tio~>s.  They  range 
from  tne  low-power  (hundreos  of  kilowatts)  to  the  high-power  (hundreds 
of  megawatts)  eru  of  tne  spectrum,  in  either  open-cycle  or 
closed-cycle  mode.  The  high-power-density  and  nigh-temperature 
capabilities  of  particulate  fuel  result  in  nigh-performance  systems. 


PAKTICULATE-FUELED  KiiACTOR  COMJEPTS 

Tne  bNL  compact  reactor  concepts  are  based  on  sma  Ll-dieuneter- 
particulate  (about  500  Mui)  fuel  that  has  ueen  developed  and  used  in 
high- temperature,  gas-cooled  reactors  in  the  United  States  and  abroad 
(e.g.,  the  U.S.  HTGK,  tne  German  HTGK) . The  reasons  for  this  choice 
are  tne  following: 

1.  The  fuel  IS  available 

o commercially  fabricated  in  HTGKs 
o well  character  i ’’.ed. 

2.  Coolant  outlet  temperature  is  very  nigh 
o 3000  K for  open-cycle  H2 

o L500  K for  closed-cycle  He. 

3.  Reactor  power  performance  is  excellent 

o up  to  approximately  iO-MW/i  power  density  in  fuel 
o approximately  lO-K  temperature  difference  between  fuel  and 
coolant 

o potential  reactor  outputs  up  to  tnousanus  oi  megawatts. 

4.  Materials  oenavior  is  excellent 
o no  tnermal  shuck  to  fuel 

o full  power  in  seconds 
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G retention  of  99.99  percent  of  fission  products 
o burnups  of  more  chan  bU  percent  possible. 

Figure  i snows  the  BISO  and  TRISU  fuel  particles  developed  by 
General  Atomics  for  the  HTGK  (Gulden  and  Nickel,  1977) . The  BISO 
particles  have  a coating  of  pyrographite  over  a kernel  of  fissile  or 
fertile  material  and  are  suitable  when  the  internal  pressure  of 
ganeous  fission  products  is  small.  (The  inner  porous  iow-den^^t.y 
layer  holds  gaseous  fission  products.)  BISO  ThO^  particles  are  used 
in  the  HTGR  for  in  situ  breeding  of  fissile 

TKJSO  particles  have  a multilayered  structure  and  achieve  high 
burnups  at  high  internal  pressures  of  gaseous  fission  products.  They 
have  a fissile  kernel  of  or  (or  mixed  oxyca-- 

bides) , With  e porous  low-density  pyrocarbon  layer  to  ; 'Id  gaseous 
fission  products.  The  SiC  layer  provides  mechanical  containment  of 
the  internal  pressure.  Burnups  of  more  than  50  percent  of  the  fissile 
inventory  are  possioier  as  well  as  excellent  fission  product  retention 
(99.99  percent) . 

Commercially  available  HTGU  fuel  is  suitaole  for  the  c iuseo-cycle 
applications  considered  in  this  study.  Open-cycle  operation  ^ill 
require  some  modification  of  tn«  Tuel  to  prevent  attacK  by 
coolant.  (Tne  fue.i.  particles  would  be  coated  with  ZrC,  for  example.) 

The  small  dicuneter  of  tne  fuel  particulate  results  in  very  large 
internal  heat  transfer  area  per  unit  voiume  of  fuel.  A packed  oed  of 
500-^  particles,  for  example,  nas  an  internal  surface  area  or  lOO 
cm^/cm^  of  bed.  This  large  heat  transfer  area  allows  very  high 
t^ower  aensities  ana  small  ^T's  between  coolant  and  fuel.  The  small 
diameter  of  the  fuel  particles  minimizes  thermal  stress  and  tnermai 
shock.  In  coiiventiorai  reactors,  tne  rate  of  change  of  temperature  of 
tne  muon  larger  fuel  elements  must  oe  slow  in  order  to  . revent  f>iel 
damage.  Time  to  full  power  in  these  reactors  is  thus  long  (minutes  to 
hoi’rs,  depenaing  on  design)  . In  contrast,  the  BNL  compact  reactors 
should  have  rise  times  of  a few  seconds. 

Two  types  of  particulate  fuel  reactors  are  oeing  inv^sstigated  at 
BNL.  In  the  first,  the  Fixed-Seu  Reactor  (FBR) , the  fuel  is  held 
between  two  porous  "frits,"  as  shown  in  Figure  4.  T.he  "frit"  can  be 
made  of  metal  or  ceramic  and  has  suostantial  strength.  The  pressure 
drop  across  trie  fr^ts  is  comparable  to  the  drop  across  the  fuel  beu. 
Frits  are  fabricated  by  sin’^'^ting  wires  or  particles  into  cylindrical 
or  pidteiike  structures. 

Gaseous  coolant  (i.e..  He  or  H^)  enters  the  inlet  trit,  passes 
through  tne  bea,  and  exists  from  the  outlet  frit.  The  packed  bed  is 
typically  sever  il  centimeters  in  thickness.  The  fue’  particles  in  tne 
FbK  are  heio  in  place  and  ao  not  move. 

In  the  second  type  of  particulate  fuel  reactor,  tne  Rotacing-Bed 
Reactor  (RbR) , the  fuel  particles  are  held  by  centrifugal  force  inside 
a rotating  cyiinuricai  metal  frit  (Figure  4).  Cold  gas  enters  tne 
trit  ana  is  heated  as  it  passes  through  the  fuel  particle  bed.  The 
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not  yas  tnen  entaca  the  internal  cylindri'.  iil  cavity  and  exhauata 
tnrougn  a noiale  (not  ahown)  at  tne  end  ot  the  cavity. 

Tne  rotating  oed  can  operate  in  any  of  three  nodeai  (1)  fully 
aettiaa  (all  particlea  held  againat  tne  rotating  frit) , (2)  fully 
fluid!: ed  (aj..  particlea  auapendea  by  gaa  flow),  and  (3)  partly 
fluidiaed  (Figure  4).  In  the  partly  tluidised  mode,  gaa  velocity  in 
the  cool  outer  part  of  tne  bed  ia  inaufficient  for  fluidiaation.  At 
a<  ''.e  point  insiae  the  bed,  the  temperature  and  velocity  of  the  coolant 
bt:Come  hign  enough  to  .i.'uidiae  the  inner  portion  of  the  bed. 

In  all  tnree  modes,  the  fuel  particlea  are  fuliy  contained.  The 
fluidizea  portion  acts  like  a dense  fluid,  with  gas  passing  between 
tiie  suspeixied  particles.  Particles  cannot  escape  from  tne  bed  unless 
it  is  allowed  to  expand  to  tne  point  wnere  adjacent  particles  do  not 
interact,  bed  operating  parauneters  can  oe  chosen  to  prevent  such 
"flooding." 

For  any  given  set  of  conditions  (flow  race,  reactor  size,  etc.), 
frit  rotation  speed  controls  the  fluidization  regime.  As  rotation 
decreases,  the  bed  first  changes  from  the  fully  settled  to  tne  partly 
fluidized  mode  and  then  to  the  fully  fluidized  mode.  These  operating 
modes  have  been  demonstrated  in  experiments  described  lacer. 

Because  the  RBR  nas  no  nigh-temperature  frit  and  a lower  pressure 
drop  than  the  FUK  (for  the  partly  and  the  fuliy  fluidized  modes) , its 
outlet  temperature  and  power  can  be  considerably  greater  than  those  of 
the  FBR. 

FBR  and  RBR  power  densities  can  be  very  high.  Figure  5 shows  tne 
pressure  drop  in  FbR  and  RBR  beds  as  a function  of  average  bed  power 
density  (in  MW/i)  for  typical  operat..ng  conditions  (pressure,  100  atm; 
diameter,  500  /im;  bed  thickness,  4 cm). 

The  curves  snow  tnree  dirferenc  cooiant/temperature  regimes. 
Closed-cycle,  long-duration  FBRs  would  use  Be  coolant  at  relatively 
low  outlet  teioperatures  (1300-1500  K)  because  of  long-term  turbine 
temperature  limitations.  Open-cycle  FBRs  would  use  U2  to  minimize 
tne  coolant  mass  duoped  into  space.  The  short  operating  time  (minutes 
lo  nours)  will  allow  higner  outlet  temperatures  with  snorter  life 
turbines.  Outlet  temperature  will  depend  on  materials  used  in  the 
inner  frit  as  well  as  turbine  capabilities.  Depending  on  design, 
outlet  temperatures  in  the  range  from  1500  to  2500  K appear 
practical.  Open-cycle  HBRs  can  operate  to  nigner  outlet  temperatures 
(up  to  about  3000  K)  because  tney  are  not  restricted  by  a 
high-temperature  frit.  Tney  could  provide  direct  thrust  propulsion  or 
could  generate  electric  power  with  MHO  generators  or  high-ten^erature 
turbines. 

As  is  shown  in  Figure  5,  power  densities  of  10  MW/1  and  higner 
could  be  achieved  with  the  FBR  and  RBR.  The  large  heat  transfer  area 
in  the  bea  makes  local  temperature  differences  between  the  fuel  and 
gas  coolant  very  small.  Figure  6 shows  average  film^T  between  fuel 
particles  and  the  gas  coolant  as  a function  of  power  density,  for  the 
conditions  shown  in  Figure  5. 
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Film  is  only  a few  degrees  Kelvin,  even  at  very  high  power 
densities.  The  inside  the  fuel  particles  (center  to  the  surface,' 

IS  even  less,  about  1 K.  Thermal  stress  in  tne  particles  is  very  lew, 
less  than  1 MPa.  The  thermal  diffusion  time  is  small,  approximately  5 
ms  for  500-fJtia  particles.  This  is  much  shorter  than  the  ramp  time  for 
power  or  coolant  flow  cnanges.  Thermal  shock  or  fatigue  damage  to  the 
particles  appears  unlikely. 

Particle  beds  can  ramp  from  zero  to  full  power  in  a few  seconds. 
Experiments  have  demonstrated  that  electrically  heated  beds  can  reach 
full  power  in  a couple  of  p conds.  Tne  beds  can  be  recycled 
repeatedly  with  no  damage  to  the  particles.  In  contrast,  reactors 
with  rod  or  plate  fuel  elements  cannot  rapidly  ramp  to  full  power 
because  of  thermal  shock  problems.  (NERVA  took  over  1 min,  for 
example. ) 

Two  possible  FBK  fuel  bed  com igurations  are  shown  in  Figure  7. 
Figure  7a  shows  the  particles  packed  between  tvo  annular  cylindrical 
frits.  Coolant  flows  radially  through  the  annular  bed  from  an 
adjacent  inlet  plenum  to  an  outlet  plenum.  In  Figure  7b,  the 
particles  are  packed  into  small  annular  fuel  elements  between  two 
frits.  These  elements  are  spat  ^d  in  a uK><erator  matrix  and  held  by  a 
grid  piate.  In  each  element,  coolant  flows  radially  through  tne 
packed  bed  that  is  between  adjacent  pie  imt. 

The  first  type  of  FBK  is  simpler  and  is  preferred  for  roost 
applications.  The  second  type  can  operate  at  higher  power  densities 
and  use  a n^d.;ogenous  moderator,  such  as  ZrU2.  (The  first  type  will 
not  go  critical  with  a hydrogenous  moderator.)  It  could  be  used  when 
very  small  size  is  desired. 

The  first  type  of  FBK  (Figure  8)  can  generate  up  to  auout  1,008 
MW(t)  with  coolant  and  about  300  MW(t)  with  He  coolant.  Reactor 
size  scales  with  power  level.  Minimum  fuel  bed  diameter  is  about  30 
cm,  from  considerations  of  criticality  and  burnup.  For  maximum  power, 
fuel  bed  diameter  is  approximately  80  cm.  (Larger  diameters  are 
possible,  but  a more  compact  configuration  would  probably  be  used  if 
higher  powers  were  desireu.)  Thickness  of  the  annular  fuel  bed  varies 
with  diameter  and  range:i  from  about  3 to  about  8 cm. 

The  moderator/reflector  zones  in  the  FBK  (Figure  8)  slow  down 
fission  neutrons,  reflecting  them  oack  ii'to  the  fuel,  where  they  are 
absorbed.  FBK  neutronics  are  discussed  in  more  detail  later. 

Beryllium  moderator/reflectors  result  in  the  lowest  critical  masses. 
The  reflector  should  be  at  least  25-30  cm  thick.  Thicker  reflectors 
are  marginally  better,  while  thinner  reflectors  leak  too  many 
neutrons.  Graphite  is  a good  internal  rooderator/ref lector  and  is 
compatible  with  tne  high-temperature  coolant. 

The  FBK  is  controlled  oy  movable  drums  or  rods  in  the  external 
moderator/reflector.  The  control  drums  (Figure  8)  have  a neutron 
ausoiber  (e.g.,  B4C)  on  one  side  and  u moderator  on  the  other. 

Rotation  of  tne  drum  moves  the  poison  relative  to  the  fuel.  Movement 
toward  tne  fuel  decreases  Kgfj--;  movement  away  increases  it. 
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TAe  nigti  importance  o£  neutrons  in  the  external  moderator/reflector 
makes  poison  control  very  effective.  Alsor  externally  moderated 
reactors  nave  very  long  neutron  lifetimes.  TAis  makes  the  FBR 
neutronically  "sluggishf"  so  that  even  very  large  reactivity 
insertions  would  cause  only  a relatively  slow  rate  of  power  rise. 

Both  factors  make  the  FBR  easier  to  control  than  conventional  power 
reactors. 

Depending  on  design,  tAe  critical  mass  of  the  FBR  will  be  between 
10-4U  kg  of  fully  enricAed  uranium  (i)3.5  percent  . With 

additional  fuel  for  burnup,  tne  FBR  could  operate  in  the  range  of 
about  50-100  MW(t) . Critical  masses  for  RBKs  are  about  twice  those  of 
FBRs  oecause  RBRs  do  not  nave  an  internal  moderator.  Peak/average 
power  ratios  are  also  higher  for  RBRs. 

The  KBR  (Figure  would  operate  only  in  the  open-cycle 
mode,  with  a maximum  integrated  operating  life  of  a few  hours.  U2 
mass  requirements  preclude  longer  operation.  Exit  coolant  temperature 
would  be  limited  by  fuel  lifetime,  not  structure.  Tests  of  ZrC-UC 
fuel  particles  in  U2  indicate  tnat  tney  could  operate  for  several 
hours  at  3000  K. 

Equilibrium  MHD  generators  need  very  nigh  temperatures.  Practical 
generators  operating  on  H2  require  3000  K for  good  performance. 

Direct  thrust  for  orbit  raising  also  needs  very  high  temperatures. 

(The  specific  impulse  of  H2  is  about  1,000  s at  3000  K.)  Lower 
temperatures  significantly  degrade  specific  impulse. 

Turbines  give  good  performance  without  having  to  operate  at  3000  K. 
Although  increasing  temperature  improves  performance,  the  gain 
probably  does  not  warrant  developing  extra  high  temperature  turbines. 
Hydrogen-cooled  turbines  operated  successfully  in  the  early  1960s  at 
turbine  inlet  temperatures  of  about  2500  K.  Operating  RBRs  with 
turbines  at  these  temperatures  yield  very  attractive  efficiencies. 

Fuel  particle  lifetime  would  also  be  much  longer  at  2500  K. 

(iterating  regimes  for  FBRs  and  RBRs  are  shown  in  Figure  10.  The 
boundaries  can  shift,  depending  on  design.  For  exeunple,  FBRs  could 
deliver  higher  outlet  temperatures  witn  a ZrC  ceramic  frit.  Also, 
luaximum  power  for  the  FBR  can  be  increased  by  design  changes. 


THE  FBR  (FIXED-BED 

Scoping  studies  of  FbR  neutronics  have  beer  carried  out  wich  che 
one-dimensional  ANISN  transport  code.  A li  -group  structure  was  used 
(7  thermal  groups)  , with  collapsed  cross  se.^ticns  derived  from  the 
ENDF-B-V  tile,  and  a ?xSy  scattering  Kernel. 

Parameter  k^ff  was  calculated  as  a function  of  ^35y  loading  for 
infinite  cylinders.  Critical  masses  for  finite-cylinder  FBRs  (L/D  ■ 1) 
were  approximated  by  assuming  that  they  had  the  same  fissile  loading 
as  kgff  >1.1  infinite  cylinders  (for  sections  equal  in  lengi.h  to 
the  finite  cylinder) . End  effects  for  FBRs  are  expected  to  be  small. 
The  fuel  bed  dieuueter  is  much  greater  than  the  bed  thickness,  and  the 
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inner  and  outer  moaerator/ref lectors  fit  closely.  End  reflectors  will 
affect  only  the  last  few  centimeters  of  the  fuel  bed.  The  10  percent 
allowance  inAK  for  end  effects  thus  seems  quite  conservative. 

Over  100  FBK  cases  were  examined,  evaluating  the  effects  of 
variaule  (1)  uranium  loading,  (2)  reflector  thickness,  (3)  fuel  bed 
diameter,  (4)  frit  composition  and  thickness,  (5)  control  drum 
composition  and  design,  and  (6)  reflector  temperature. 

Figure  11  shows  k^ff  as  a function  of  uranium  loading  and 
thickness  of  the  outer  oeryllium  reflector.  (The  inner  reflector  and 
frit  are  graphite,  the  outer  frit  is  sirconium,  and  the  fuel  bed 
diameter  is  50  cm.)  Neutron  leakage  from  the  outer  reflector  strongly 
affects  criticality.  Optimum  beryllium  reflector  tnickness  is  about 
20-30  cm;  much  thicker  reflectors  only  marginally  reduce  critical 
mass,  while  much  thinner  reflectors  lose  too  many  neutrons,  resulting 
in  excessively  high  critical  masses. 

Four  moaerator/reflector  materials  have  been  investigated — Be, 

ZrH2,  ZrO^,  and  C.  beryllium  is  the  best,  yielding  the  lowest 
critical  masses  and  smallest  reactors.  Zirconium-hydride-moderated 
FBRs  could  not  go  critical  (ihe  highest  k^ff  was  slightly  less  than 
1.0) , because  the  external  moderator/re fleeter  absorbed  too  many 
neutrons.  Externally  moderated  reactors  require  a small  T/L^  (age 
divided  by  thermal  diffusion  length),  hyd.ogenous  moderators  have  a 
large  7/L^  (approximately  5) , and  many  thermal  neutrons  never 
return  to  tne  fuel.  If  the  fuel  particles  are  dispersed  throughout 
the  moderator,  nydrogenous  moderators  are  practical.  Finally, 
zirconium  deuteride  and  caroon  are  practical  but  result  in  higher 
critical  masses.  Also,  carbon-moderated  reactors  are  larger  than 
beryllium-moderated  reactors.  A carbon  moderator/reflector  must  be 
approximately  twice  as  thick  as  the  equivalent  beryllium 
moderator/reflector . 

The  effect  of  fuel  bed  diameter  is  aivovn  in  Figure  12.  Uranium 
loading  for  a given  k^ff  decreases  slightly  with  increasing 
oiameter.  This  results  from  a more  favorable  geometry  as  diameter 
increases.  If  tnickness  of  che  outer  mudeiator/reflector  is  fold 
constant,  tne  fraction  of  neutrons  tnat  return  to  the  fuel  bed 
increases  with  fuel  bea  diameter.  However,  critical  mass  eventually 
increases  with  diameter,  since  this  geometric  effect  will  not  be  as 
important  as  the  increasing  fuel  bed  area. 

The  FBK  fri;.s  cannot  absorb  too  many  of  the  returning  neutrons. 
Zirconium  makes  an  attractive  outer  (cool)  frit  but  cannot  operate  in 
high-temerature  H2.  Uign-temperature  Hastelloy  or  Inconel  frits  are 
practical  if  thickness  does  not  exeed  approximately  1 cm.  Neutron 
absorption  becomes  excessive  for  thicker  frits.  Ceramic  (ZrC)  or 
graphite  high-temperature  frits  are  also  acceptable. 

Radial  peak  to  average  power  ratios  arc  about  2/1  for  the  FBK,  with 
minimum  power  density  near  the  center  of  the  fuel  bed.  This  variable 
power  density  can  be  readily  handled.  The  large  heat  transfer  area  in 
the  bed  makes  A^  between  the  particles  and  the  coolant  very  small, 
even  in  the  peak  power  region. 


103 


111  sumuaiy,  die  FBR  has  reasonable  critical  masses,  of  the  order  of 
10-40  kg  and  it  does  nov  appear  to  have  any  serious  neutronic 

problem.  The  external  muderator  must  have  a low  absorption  cross 
section  and  be  thick  enough  to  prevent  excessive  neutron  leakage.  The 
frits  must  not  strongly  absorb  neutrons  that  diffuse  back  into  the 
fuel. 

Thermal-hydraulics  performance  of  the  FBR  can  be  accurately 
predicted  using  correlations  for  pressure  drop  and  heat  transfer 
coefficient  in  packed  beds.  For  pressure  drop  in  packed  beds,  tne 
correlation  of  brgun  (lickert  and  Drake,  1972)  is  used. 

Pressure  drop  across  the  frits  is  taken  to  be  40  percent  of  the 
total  pressure  drop  across  toe  oed  and  frits.  This  nelps  keep  gas 
flow  uniform  even  if  local  bed  voidage  varies.  Frit  thickness  and 
porosity  can  be  adjusted  to  compensate  for  axial  power  variations. 

Analysis  of  axial  power  variations  has  not  been  carried  out,  since 
analyses  nave  been  one-dimensional.  However,  sucn  variations  should 
be  important  only  near  tne  ends  of  tne  fuel  bed.  Differences  between 
the  maximum  and  mixed-mean  coolant  outlet  temperatures  are  expected  to 
be  small. 

Temperature  and  pressure  drop  distributions  in  FBR  pacKed  beds  with 
radially  nonuniform  power  densities  are  determined  by  a computer 
code,  aeds  witn  nonuniform  power  density  nave  essentially  the  same 
rressjre  drop  as  beds  vith  uniform  power  density,  when  normalized  to 
equal  average  powers. 

The  tharmal-hydraulic  oehavior  of  the  FBRs  has  been  examined  for  a 
large  number  of  cases  as  a function  of  (1)  fuel  bed  diameter  and 
tnickness,  (L)  inlet  and  outlet  temperature,  (3)  power  level,  (4)  fuel 
particle  diameter,  and  (5)  inlet  pressure. 

Table  1 compares  thermal  hydraulic  parameters  for  three 
representative  point  designs.  Case  3 has  the  same  fuel  bed  diameter 
as  Case  2 (75  cm)  but  a higher  power  (250  MW  versus  100  MW)  and  lower 
pressure  di.op  (25  psi  versus  36  psi) . The  higher  power  and  lower 
pressure  crop  in  Case  3 are  acnieved  witn  split  flow.  Tne  fuel  bed  is 
radially  split  into  two  parts,  witn  the  inlet  plenum  between  the  outer 
and  inner  nalves.  Coolant  flows  radially  through  eacn  naif  to 
adjacent  outlet  plenums.  Coolant  flows  in  from  both  ends  of  the 
reactor;  ano  out  from  both  ends.  Tne  shorter  flow  path  and  reduced 
mass  flow  through  eacn  naif  greatly  increase  power  output  for  the 
^>lit  flow  design.  Coolant  ducting  is  more  complex,  however. 

Maximum  power  for  de-cooled  FBRs  is  about  300  MW(t) . a single 
reactor  cuu*d  generate  up  to  about  100  MM(e)  in  a closed-cycle  cw 
power  system.  At  tnis  po«rer,  reactor  mass  is  much  less  than  that  of 
tne  rest  of  the  system,  so  that  multiple  reactors  could  oe  used  if 
higher  power  outputs  are  desired,  dotrever,  it  probably  will  be 
decades  before  cw  powers  above  100  MW(e)  are  needed  in  orbit. 

Maximum  power  is  muen  higner  for  open-cycle  FBRs  because  of  the 
higher  specific  neat,  lower  density,  and  nigher  ^T  across  the  core 
for  coolant.  Hydrogen-cooled  FBRs  will  deliver  aouut  5 times  as 
much  thermal  power  as  He-coolec  FBRs.  Conversion  efficiencies 
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Table  1 Fixed-Bad  Reactor  Point  Deal9na 


Case  1 

Case  2 

Case  3 

(Split-Flow) 

Thermal  power  (IM) 

15 

100 

250 

Inlet  temperature  (<>C) 

200 

200 

200 

Outlet  temperature  (Oc) 

1000 

1000 

1000 

Inlet  gas  pressure  (atm) 

100 

100 

140 

Fuel  oed  diameter  (cm) 

30 

75 

75 

Fuel  t d thicknesa  (cm) 

3 

6 

6 

Fuel  particle  diameter  (/in) 
Pressure  drop 

400 

500 

500 

(frits  and  bed)  (psi) 
Ten(>erature  difference 

21.5 

35.9 

24.7 

(fuel  surface-gas  (OC) ) 

10 

7 

16 

Fuel  surface  heat  flux  (W/cm2) 

20.1 

13.1 

34.4 

(tnermal  to  electric)  for  high-teaperature  open-cycle  FBRs  will  be 
greater  tnan  for  closed-cycle  FbMs»  in  the  range  of  40-50  percent  for 
turbine  power  systems.  The  capability  for  nigh  efficiency  and  high 
power  will  allow  open-cycle  FBRs  to  generate  hundreds  of  megawatts 
(electric) . This  should  meet  any  power  requirement  for  a xong  time  to 
come. 

Scaling  of  FBRs  nas  oeen  examined  from  two  perspectives: 

1.  Bow  does  sise  (and  mass)  of  optimum  FBRs  scale  with  power  level? 

2.  What  is  the  sise  (and  mass)  of  the  smallest  nuaUser  of  FBR 
designs  that  can  comfortably  span  tne  expected  power  range  of 
applications? 

The  first  perfective  assumes  that  time  and  resources  are 
sufficient  to  develop  and  optimise  reactors  for  each  particular 
mission  power.  The  more  realistic  second  perspective  recognises  that 
even  if  the  same  reactor  technology  ia  used*  a great  deal  of 
engineering  and  testing  is  required  to  develop  an  operational  system 
at  a given  power.  Since  the  reactor  is  a small  part  of  the  system 
mass,  it  appears  practical  to  use  two  or  three  nonoptimal  reactors  to 
cover  the  power  range,  without  a major  penalty  in  system  weight.  Any 
small  penalty  due  to  extra  reactor  weight  would  be  offaet  by  the  large 
savings  in  development. 

Assuming  tne  first  perspective.  Figure  13  snows  fuel  bed  diaamter 
for  "optimised"  Be-cooled  FBKs  as  a function  of  power.  The  optimum 
case  is  taken  to  oe  an  FBR  with  the  following  characteristics:  Be 
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pressure,  100  stn;  fuel  psrticle  diameter,  500  |im;  fuel  beu  thickness, 
6 cm;  At  across  the  core,  000<^  (200^-1000%))  and  pressure  drop 
(bed  plus  frits) , 3 atm. 

While  tn?ss  conditions  are  probably  not  truly  optimum,  they  are 
reasonably  reprecentative.  The  effects  of  changing  operating 
parameters  from  th^  optimum  (canonicax)  case  are  also  shown. 

Figure  14  shows  the  comparable  plot  for  open-cycle  h2'-cooled  FdRs 
with  the  same  design  cnaracteristics.  Behavior  is  similar  to  the 
Ue-cooled  reactors,  except  that  power  output  is  approximately  5 times 
greater  for  a given  fuel  usd  diameter. 

Figure  15  showc  how  the  reactor  mass  scales  with  FUR  power  for  the 
design  conditions  shown  in  Figures  13  and  14.  The  outer  moderator  is 
B»re  than  one-half  of  the  total  reactor  mass. 

Assuming  tne  second  perspective,  the  entire  power  range  can  be 
handled  by  two  FBk  sizes:  (l)  a 50-cm-di^uneter  fuel  bed  for  low 

powers  and  (2)  an  80-cm-diasmter  fuel  bed  for  high  powers. 

Figure  16  shows  pressure  drop  as  a function  of  power  for  uoth  He 
and  U2  coolants.  Tne  boundary  between  low  ana  high  power  appears  to 
be  about  50-i0U  MW(t)  for  He-cooled  reactors  and  about  200-400  MH(t) 
for  reactors . The  reactor  will  oe  somewnat  larger  than 

optimum  at  tne  low  enc  of  its  power  range  and  somewhat  smaller  than 
optimum  at  cne  nign  end. 

There  appear  to  be  no  major  penalties  to  using  two  FBK  designs  to 
cover  the  expected  power  range.  Bach  design  has  reasonable  operating 
pareuneters  (pressure  level,  pressure  drop,  and  At  (fuel  particle  to 
gas)).  Tne  FBK  appears  sinqple  to  cons  cruet  and  operate  (Figure  8). 

The  main  components  are  fuel  particles,  inner  and  outer  frits,  inner 
moderator,  outer  moderator,  coolant  plenums,  control  drum,  coolant 
ducts,  and  pressure  vessel. 

FBR  fuel  particles  would  be  fabricated  as  UTUR  fuel  particles  are 
now.  If  they  operate  in  nigh-temperature  H2,  they  would  be  coated 
with  ZrC  to  minimize  attack.  Particles  would  fill  the  annular  space 
between  tne  inner  and  outer  frits,  forming  a complete  fuel  assemoly. 

Tne  assembly  could  be  vibrated  during  filling  to  ensure  uniform 
packing. 

Tne  outer  frit  would  be  metal.  In  the  closeo-cycle  mode, 
temperature  is  about  500-60U  K;  i.i  Che  open-cycle  H2-cooled  mode, 
only  about  20U  K.  a zirconium  frit  is  desirable  for  neutronics.  It 
does  not  react  with  He  but  can  react  with  H2  at  elevatea 
teiqperatures.  However,  the  above  temperature  is  low  enough  that  no 
reaction  snoulo  occur.  The  outer  frit  would  be  wouna  from  wire  ana 
sinterea  to  form  a rigid  cylinder.  The  large  frits  tested  in  RBR 
experiments  were  strong  and  distortion  free,  and  naa  low  pressure  drop. 

The  inner  frit  operates  at  the  coolant  outlet  temperature.  For 
FBKs  operating  only  witn  He  coolant,  refractory  metal  frits  can  be 
used,  since  turbine  materials  limit  the  outlet  temperature  to  about 
1500  K.  For  open-cycle  FBRs,  the  inner  frit  will  be  exposed  to  hot 
H2,  and  refractory  metal  frits  are  probably  not  suitable.  However, 
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Uaatciloy  or  Inconel  can  operate  in  nigti-teapecature  U2  up  to  aoout 
1400  K. 

For  d2  outlet  tenperaturea  above  about  1400  tbe  inner  xrit 
will  probably  oe  nonaetailic  poroua  cerasic.  Single  ceramic  frita 
would  oe  difficult  to  fabricate  and  could  be  cracked  by  thermal  and/or 
mechanical  atreaa.  A more  promlaing  approach  ia  to  build  up  a frit 
troB  aegmented  overlapping  piatea,  wnich  would  be  individually 
aupported  by  the  inner  noderator.  The  outlet  coolant  would  flow 
radially  through  tne  frit  and  then  through  axial  channela  to  the  exit 
duct  at  the  end  of  the  reactor. 

The  graphite  inner  moderator  would  run  hot  and  have  no  atructural 
atreaa.  For  U2-cooled  FBKa,  tne  grapnite  would  oe  coated  with  ZrC 
or  NbC.  Some  cooling  of  the  inner  moderator  would  be  neceaaary  to 
remove  energy  deposited  by  neutron  and  gaama  beating. 

An  inner  moderator  conatructed  from  platea  appeara  more  reliable 
and  leas  subject  to  thermal  stress  than  p monolithic  cylinder.  Tbe 
plates  would  be  wedge  shaped  and  assembled  into  an  annulua  with  a 
central  channel  for  the  hot  exit  coolant.  Coolant  paaaagea  would  be 
provided  by  grooving  one  face  of  each  plate.  The  platea  would  be 
coated  with  ZtC  or  NbC  for  protection  againat  U2> 

Tne  outer  moderator  will  probably  be  Be,  though  lr02  and  graphite 
could  be  uaed.  A plate  assembly  appears  desirable,  with  surface 
grooving  for  coolant  channels.  About  10-20  percent  of  the  inlet  flow 
will  be  requireo  to  cool  the  outer  moderator,  depending  on  design. 
Coolant  flow  would  split  at  the  reactor  inlet,  with  tbe  outer 
noderator  portion  distributed  by  a plenum  between  the  moderator  and 
pressure  vessel.  Most  of  tne  flow  would  enter  the  main  coolant  plenum 
next  to  the  fuel  bed.  Local  flow  rate  through  the  bed  would  be 
controlled  by  varying  tne  thickness  and/or  porosity  of  the  inner  and 
outer  frits  in  order  to  offset  power  gradients.  Coolant  from  the 
oucer  nxxlerator  mixes  with  the  main  flow  before  entering  the  fuel  bed. 
Notatable  control  drums  are  preferable  to  axial  control  rods,  since 
tney  will  not  cause  axial  power  peaking.  Aximuthal  power  asymmetries 
should  be  small.  The  control  drums  would  be  cooled  by  flow  circuits 
in  parallel  with  the  rest  of  tne  reflector. 

The  inlet  and  outlet  coolant  ducts  through  tne  end  reflector  and 
snield  would  be  curved  for  minimum  neutron  streaming,  btreaming  is 
important  for  manned  systems,  oecause  it  increases  neutron  dose  rate 
outside  the  reactor.  For  unmanned  systems,  s*- reaming  effects  are  not 
expected  to  be  very  important.  Sensitive  components  (i.e., 
electronics)  would  be  located  benino  a snadow  shield,  at  the  opposite 
end  from  the  coolant  ducts.  Curving  the  coolant  ducts  appears 
practical  out  has  not  been  investigated  in  detail. 

The  pressure  vessel  would  be  made  of  high-strength  titanium  or 
steel.  Pressure  vessel  tnickness  will  depend  on  the  operating 
pressure  and  reactor  sizei  typically,  it  will  be  in  the  range  of  1-2 
cm  for  an  operating  stress  of  approximately  50,000  psi. 
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TUt  Sthk  (ROTATlNG-BliU  HAACrOK) 

Mcucxonic  anAlyMB  for  to*  JtBR  war*  carriad  out  wltn  tha  aane 
tacftniquas  uaad  for  tha  FBR.  Bnd  affacts  ara  axpactad  to  ba  graatar 
for  tlia  RttM  tnan  for  tna  FBH,  sinca  tha  foraar  naa  an  axit  noixia  and 
no  innar  aodarator/raflactor*  Critical  loading  for  f inita-langth  RBRa 
ia  takan  to  ba  tha  ■■■•  aa  tna  infinita  cylindar  at  kauf  ■ 1.2, 
coaputad  with  tha  ona^iaanaional  ANISM  aodal. 

Alaost  100  RBR  casas  wara  analyxad,  invaatigating  tha  affects  of 
(1)  reflector  coapoantion  and  tnicknass«  (2)  fuel  bad  thickness,  (3) 
degree  of  fluidisation,  (4)  reactor  sisa,  (5)  pressure,  (6)  frit 
coaposition  and  thickness,  and  (7)  aodarator  teaparature. 

RiiRs  have  larger  critical  aasses  than  FbRs,  because  there  is  no 
internal  aodarator/ref lector.  Figure  17  coapares  k^^j:  for 
Ba-aoderated  RBk  and  FBR  reactors  for  different  uraniua  loadings.  At 
a given  k^f^,  uraniua  loading  is  a factor  of  2-3  higher  for  KbRs. 
Reflector  thickness  strongly  affacts  critical  loading  in  the  kuk. 
beryiliua  thickness  less  tnan  about  20  ca  makes  neutron  leakage 
excessive}  thickness  suostantially  aore  tnan  about  30  cm  saves 
relatively  few  neutrons  and  reduces  critical  mass  by  a small  amount. 

Tne  effect  of  fuel  oed  thickness  on  RBR  criticality  is  ssiall 
(Figure  18).  Cnanying  bed  chickness  from  5 to  11  cm  changes  k^^£  by 
about  3 percent.  This  insensitivity  to  thickness  is  a result  of  the 
"oiackneas"  of  the  reactor  core.  Almost  all  thermaiized  neutrons  cnat 
diffuse  back  from  tne  reflector  are  absorbed  in  tne  fuel  bed,  and  few 
survive  to  enter  tne  cavity.  The  high  peak-to-average  power  ratios 
for  the  RBK  (about  3/1)  are  caused  by  the  blackness  of  the  fuel  bed. 

Tne  fuel  bed  blackness  also  means  tnat  beu  expansion  nas  virtually 
no  effect  on  k^ff.  Figure  19  shows  no  change  in  k^££  in  the  range 
from  fully  settled  (solid  fraction  of  about  0.65)  to  fully  expanded 
(solid  fraction  of  about  0.3) . Having  RbR  criticality  independent  of 
oed  fluidization  eliminates  concerns  aoout  bed  movements  initiating 
power  excursions. 

Figure  20  shows  tnat  k^££  is  insensitive  to  reactor  size  over  the 
range  studied.  This  behavior  is  also  seen  in  tne  FBR.  Figure  21 
shows  how  k^£c  depends  on  H2  pressure.  Nominal  pressure  (Pq)  is 
70  dtm.  Reactivity  urops  slightly  (by  aoout  1 percent)  as  P/Pq 
decreases  from  2.0  to  0.5.  The  small  magnitude  and  favorable  sign  of 
the  effect  mak'*  U2  depressurization  not  a safety  concern. 

Neutron  absorption  in  the  frit  significantly  affects  RBR 
criticality.  Figure  22  illustrates  now  k^^^  changes  with  equivalent 
tnickness  of  a zirconium  frit  for  an  RBR  of  fixed  size  and  loading. 

The  Zr  frit  is  assumed  constant  in  actual  thickness  (1  cm) , but  its 
density  factor  varies  from  p«OtoP>8  (P«lis  nominal  solid 
density),  and  k^ff  decreases  by  about  0.25  over  this  range. 

Strongly  absorbing  frits,  such  as  stainless  steel  or  titanium,  will 
seriously  degrade  k^^f.  Tney  are  only  practical  for  tnicknesses  of 
approximately  1 cm  or  less. 
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Th«  frit  aosocba  neutrons  returning  froa  tbe  outside 
aoderstor/refiector.  ir  absorption  is  too  greets  the  reactor  cannot 
go  critical.  Because  the  frit  absorbs  neutrons  before  they  reach  tne 
uranium  fuel,  its  effect  is  much  greater  than  if  it  were  mixed  with 
the  fuel. 

Part  of  tne  outer  moderator  could  be  rotateu  as  a frit  to  contain 
the  fuel.  This  is  a promising  approach,  particularly  with  beryllium, 
since  It  is  strong  ana  lignt.  Structural  stress  on  the  rotating 
structure  would  be  smaller,  ana  frit  absorption  would  be  eliminated. 
Future  studiea  should  examine  this  option. 

RBR  thermal-hydraulics  have  been  investigatea  experimentally  and 
analytically.  Experimental  work  is  diacuased  later.  Previous 
analyses  of  rotating  fluidised  beda  did  not  allow  for  temperature  rise 
througii  tne  oed  ana,  instead,  aasumed  a uniform  temperature. 
Self-consistent  numerical  models  have  been  developed  that  incorporate 
volume  heating  ot  the  bed  and  radially  variable  power  densities. 

Figure  23  illustrates  now  bed  voidage  varies  witn  radial  position 
and  rotation  apeed  for  a 1,00U-MN  RBK  of  constant  site  (L  >■  R 
- 0.5  m).  Fuel  loading  is  equivalent  to  a settled-bed  thicknens  of  5 
cm.  The  bed  is  fully  settled  above  i,025  rpm.  As  speed  drops  below 
tnis  value,  the  inner  edge  of  the  bed  begina  to  fluidize.  The 
fxuioised  region  becomes  thicker  as  speed  decreases  further.  The 
outer  part  of  the  bed  remains  settled  until  approximately  350  rpm  is 
reached.  At  thia  point,  the  outer  edge  begins  to  fluidise.  As  speed 
decreases  further,  tne  fluidised  bed  expands.  Tne  fluidised  bed 
oecemes  twice  as  tnick  as  tne  original  settled  bed  at  x75  rpm. 
voidage  (i.e. , coolant  volume)  at  the  inner  boundary  is  then  80 
percent.  Average  voidage  is  less,  i.e.,  67  percent,  while  voidage  at 
the  frit  is  45  percent. 

Tnese  analyses  do  not  allow  for  the  effects  of  oed  mixing  on 
te^>erature  ana  voidage  diatrioutions.  Rapid  bed  mixing  would  make 
the  temperature  and  voidage  more  uniform.  Bxperimental  evidence 
suggests  such  benavior.  Gas  teeperature  increases  rapidly  across  the 
outer  settled  layer  of  particles  anu  tnen  becosMS  essentially  uniform 
in  the  fluidized  region.  However,  tne  experiments  have  not  operated 
at  conditions  comparable  to  the  KBR's,  and  the  importance  of  this 
mixing  process  in  tne  RBK  is  not  certain. 

The  RBK  parameter  space  is  muen  wider  than  that  of  the  FBM,  since 
it  has  more  operating  variaoles.  It  is  thus  more  difficult  to  define 
optimum  designs.  The  major  variables  affecting  performance  are  (1) 
degree  of  bed  expanaion,  (2)  settled-bed  thickness,  (3)  bea  diaamter, 
(4)  base  pressure  of  coolant,  (5)  particle  diameter,  and  (6)  inlet  and 
outlet  temperature. 

Figure  24  shows  RBR  rotation  speed  versus  power  level  and  degree  of 
bed  expansion  (ttBax/ho)  * P'  sssure  drop  curves  (dashed  lines) 

Show  ^ (atm)  across  tne  oed.  Bed  diasmter  ia  50  cm,  and  thickness  is 
4 cm.  At  a given  power,  pressure  drop  is  reduced  by  increasing  red 
expansion.  However,  expansion  limits  are  set  by  particle  carry-over 
at  the  inner  boundary  of  the  fluidised  bed.  A limit  of  ■ 2 
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is  asauMd.  Cacry-ovar  can  atart  if  axpanaion  ia  mien  graatar  than 
tnis  iiait. 

Figura  25  ahotra  raactor  powar  aa  a function  oi  radiua  fur 
^aan/Uo  “ *nd  U^/R  ■ 0.1.  (Hq  aattlad-bad  tnicKnaaa) . 

Tha  aolld  curvaa  ara  linaa  of  constant  P and  ranga  froa  1 to  10  ata. 
Tna  daahad  curvaa  ara  linaa  of  conatant  rotational  apaad  (rpa) . Tna 
RBR  can  dalivar  up  to  about  5«000  MH(t)  ovar  tna  siaa  ranga  conaidarad 
at  reaaonaole  ^'a  (5-10  ata) . Motation  apeada  ara  alao  raaaonabla 
and  ranga  u^^  to  a aaxiaua  of  about  1,000  rpa. 

Tabla  2 anowa  tnraa  RRR  dasigna  of  diffarant  alaa  and  powar 
rating.  Valuaa  of  ”fuai'  aMsa  in  Tabia  2 and  tna  fxguraa  rafar  to 
total  particle  maaa  (lAJ  * ZtCt  .•  not  uraniua  maaa.  Tna  weignt  fraction 
of  uranium  ia  me  mara  of  uranium  divided  by  total  ruel  maaa.  In 
aaall  RBMa,  tnia  can  ranga  up  to  aoout  50  percent;  for  larger  RbMa  it 
will  oe  10  percent  or  leaa. 

Tne  HiiK  and  FBK  ftave  comparable  maaa  for  the  aame  fuex  bad  uiaamter 
and  range  from  aoout  1 to  about  3 tonnea  (t) , depending  on  aize.  The 
dependence  of  HBM  maaa  on  power  will  oe  similar  to  mat  of  tne  FBk, 
except  that  power  rating  will  be  about  tenfold  greater. 

Tne  necnanical  design  of  the  KBR  lias  oeen  examined.  Tne  MBK  frit 
would  be  supported  by  a shaft  at  the  end  opposite  the  exit  nozzle. 

Tne  shaft  would  be  radially  centered  and  positioned  by  a gas  bearing, 
with  a separate  gas  bearing  to  counter  end  thrust.  Clearances  would 
be  of  the  order  of  1 ail.  Tne  assenoly  would  oe  oriven  by  tne  inlet 
coolant  acting  on  a set  of  samll  blades  on  the  snafe. 

End  reflectors  would  oe  incorporated  in  me  rotating  rrit 
assenbly.  Tney  would  ue  cooled  by  a samll  flow  oi  gas  passing  from 
tne  inlet  plenum  through  tne  eno  reflectors  into  the  cavity.  A 
labyrinth  seal  between  tne  rotating  assembly  and  the  nozzle  end  of  tne 
reactor  would  limit  gas  leaxage  from  the  coolant  plenum. 

The  shaft  of  me  rotating  RBR  assenoly  would  contain  a channel  to 
admit  fuel  particles.  After  tne  reactor  is  in  orbit,  tne  assenbly 
would  oe  spun  up  to  operational  speed.  Particles  would  be  blown  into 
tne  cavity  and  caugnt  by  the  walls  of  tne  rotating  frit. 

The  RBK  can  unload  fuel  as  well  as  load  it  in  a few  seconds.  This 
wou^u  have  important  safety  and  operating  advantages.  The  same 
channel  would  be  used  for  both  unloading  and  loading,  with  a movable 
plug  to  dIock  the  exit  nozzle  wnen  unicading.  Experiments  with  kbr 
simulations  snould  oe  carried  out  to  confirm  this  capability. 

In  summary,  tne  KBR  is  neutronically  similar  to  tne  FBK,  except 
that  its  uranium  loading  is  a factor  of  aoout  2 grer.ter  at  eijuivaient 
tceff*  Tnis  is  a result  of  not  naving  an  internal  reflector.  The 
mobile  fuel  bed  snould  not  cause  any  safety  problems.  Thermal- 
hydraulics  of  tne  RBR  are  much  oK>re  complex  than  those  of  me  FBK. 
Power  outputs  for  the  RBR  are  much  higner  than  those  for  the  FBK  for 
the  same  reactor  size  and  pressure  drop.  Power  levels  of  several 
gigawatts  can  be  achieved  with  kBKs  about  1 a in  diameter.  KaKs  are 
more  complex  uecnanically  than  FBKa  owing  to  the  need  for  oearings  and 


110 


TABLK  2 Rotacing-B«d  Raactor  Point  Oasigna 


Caaa  1 Casa  2 Caaa  i 


Tharaai  powac  (UN) 

Ittdiua  (ca) 

Langtn  (ca) 

Fual  partlcla  diaattar  {fim) 
UydEogan  tioa  (tg/a) 

Iniat  taaparatura 
Outiat  taaparatura 
Cavity  praaaura  (bar) 

Fuai  Dad  thiCKnaaa  (ca) 

Pual  aaaa  (kg) 

Praaaura  drop  (bar) 

dad  axpanaion  (avaraga)  («) 

Fuai  aurface  haat  tlux  (kM/a^) 


0.25 

1 

5 

IS 

25 

40 

15 

SO 

80 

500 

500 

500 

5.7 

22. « 

114 

300 

300 

300 

3000 

3000 

3000 

100 

100 

100 

3 

2.5 

4 

42.2 

206 

800 

3 

5 

15 

100 

SO 

100 

4,200 

3,440 

4,430 

labyrintn  aaals.  yowevar,  the  RBR  appaara  to  be  constructabie  without 
undue  difficulty. 


POWER  SYSTEM  PERFORMANCE 

The  characceriatica  and  parforaanca  of  apace  electric  ayateas  uaing 
FdRa  and  KbKs  nave  been  invaatigated.  For  the  KBK,  open-cycle, 
turbinea,  ana  MHO  cyciea  ware  conaiaerad;  for  the  FBR,  both  cloaed- 
cycla  and  rpan-cycla  turbine  cyciea  were  exaainad. 

Tne  aixa,  weight,  and  layout  of  the  varioua  coaponente  making  up  a 
ccaplace  power  ayaten  ware  eatiaated  aa  a function  of  power,  operating 
tiae  (tor  open  cycle) , cooiant  teaperature  (bocn  inlet  and  outlet) , 
generator  efficiency,  etc.  'fheae  coaiponenta  were  then  integrated  into 
aelf-conaiatent  deaigna. 

Figure  26  oepicta  a 100-«M(e)  cloaed-cycle  ayaten  uaing  a de-cooleu 
FBK  (Left  front  of  the  drawing),  behind  tne  FBR  are  the  in-line 
turbine,  cuapreaaor,  and  auperconducting  generator.  The  veaaela  above 
and  below  the  power  qem»rstiun  aguipaant  are  helium  to  lithium  heat 
exchangers.  Kajact  neat  from  cne  neliua  coolant  ia  transferred  to 
liquid  litniua  and  tnen  radiated  to  apace  using  tna  liquid-droplet 
radiator  (U>M,  proposed  oy  nertxberg.  Tne  droplet  spray  nozxles  and 
collactora  are  not  snown  but  are  mounted  on  toe  Astroaast  structure 
that  holds  tne  neat  excnangers. 

RBR-powered  MHD  generators  were  invastigarad.  initially,  MUU  was 
viewed  as  tne  aost  promising  route  for  high-power,  open-cycle 
operation.  Tnis  asaesaaMnt  now  appears  to  be  wrong.  Outlet 
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tMip«r4itur«8  ot  at  iaast.  275U  K ara  r.aadad  to  operata  a MUI> 
^'^nacatoE.  At  utia  taaparatuEa*  nowavac*  altliough  MHU  yanaratora  are 
taasioia,  parEocaanca  la  pooE.  UighaE  taapaEatuEaaf  a.g.>  3000  K» 
Eaault  in  aoEa  pEactical  ganaEatOEa#  but  afficiancy  ia  atlll  only 
aoout  iO  paEcant  (H^  coolant  antnaipy  convaEtaa  to  aiactEicity) . 

Thia  low  aftlciancy  aaKaa  U2  aaaa  tfiEoughput  vaty  nigh  and  gtaatiy 
incEaaaaa  U2  atOEaga  EaguiEaoanta. 

Uign-ta^paEatuEa  tuEbinaa  aEa  auch  aoEa  att lactiva  than  MKb 
ganatatoEa.  TuEbinaa  with  d2~cooiad  uiading  wata  opatatcd 
auccaaafully  by  Ganatal  biactEic  (Gd)  in  tna  aatiy  l!>60a  at  turbine 
iniat  gaa  taapaEaturaa  of  about  iSOO  K.  Metal  blade  tenperature  ware 
only  about  700  K.  For  theae  cyclea#  turbinea  can  extract  45-50 
percent  of  tne  H2  entnaipy.  Thua  although  turbrnea  would  operate  at 
lower  reactor  outlet  temper aturea,  turbinea  can  generate  twice  aa  nuch 
electrical  energy  per  Kilogram  of  ti2  coolant  aa  can  MHD  generatora. 

Advanced  turbinea  uaing  nigh-tea(>eEatuEe  ceramic  c carbon-carbon 
blading  are  alao  a potential  option  for  nign-power,  nign-etticiency, 
open-cycle  ayatesa.  The  relatively  anort  operating  lire  requireu  for 
theae  ayatems  will  permit  tne  uae  of  blade  materiala  not  practical  tor 
conoMrcial  turoinea.  lixtenaive  work  haa  been  done  on  both  typea  ot 
bladea,  moat  recently  on  carbon-caroon  ulaaea. 

Lightweight  turbinea  and  generatora  are  being  Developed  for 
airborne  appiicationa.  A preliminary  veraion  ot  a 20-MM(e) 
superconducting  generator  haa  been  teated  by  G£  and  the  Air  Force 
Aero-Propulaion  Laboratory  (APL) . This  device  weights  oniy  about  1 t. 
Single  units  can  be  scaled  to  nigner  powerSf  probably  about  50  MM(e). 
Multiple  generatora  could  oe  used  tor  powers  above  50  MM(e) . Small 
generatorSf  i.e.,  up  to  a few  megawatts  (electric)  in  output,  %K>uld 
use  Sm-Co  permanent  magnets  tor  field  excitation,  a 5-MW(e)  permanent 
Mgnet  generator  is  under  construction  for  APu.  Scaling  relations  for 
turbines,  compreaoors,  and  generators  for  this  study  were  based  on 
worK  by  APL,  Hocketdyne,  ano  Garrett. 

Closed-cycle  urayton-cycle  designs  using  Ue-cooled  •'Bfta  were 
developed  for  a range  of  cw  powers  from  100  kW(e)  to  100  M^)(e).  Both 
regenerative  and  nonregenerative  cycles  were  investigated.  Table  3 
lists  soi^x>nent  sizes  and  weights  for  four  power  system  sizes:  5,  iO, 

50,  and  lOO  MW(e).  (Tne  snield  weight  is  a full  47T  shield  for  manned 
space  systems.  Unmanned  systems  would  use  a much  lighter  shadow 
Shield.)  At  hign  power  leveis,  neat  exchangers  (reject  U anu  tne 
recuperator)  dominate.  Mediator  weights  are  not  included. 

Figure  27  shows  the  mair  component  weights  (excluding  snield)  tor 
He-cooled  closed-cycle  FBKs  as  a function  of  output  power.  Lithium 
ligu id-droplet  radiators  (LoR)  would  be  used  tor  heat  rejection.  LUKs 
are  projected  to  be  about  an  order  ot  magnitude  lighter  than 
conventional  fin-tuoe  or  neat  pipe  radiators.  Evun  witn  LbMs, 
however,  the  radiator  is  still  the  heaviest  part  of  the  system. 

With  LUMs,  It  appears  feasible  to  construct  cw  power  syscesM  to 
deliver  several  tens  of  megawatts  (electric).  If  conventional 
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T&bj>«  i iia^cntcativt  Bray  ton  Cycle 


Output  Power  MN(a) 

5 

20 

Hi 

100 

Heactor  weight£(c) 

0.70 

1.87 

3.57 

7.20 

Turbine  weight (t) 

0.16 

0.  .47 

1.04 

2.08 

Turbine  diameter  (d) 

U.4 

0.6 

0.8 

2 X 0.8 

Compressor  weight  (t) 

0.i2 

0.94 

2.08 

4.  lu 

Alternator  weignt  (t) 

0.23 

0.i)l 

2.27 

4.55 

Recuperator  woight  (t) 

0.3 

1.2 

3.0 

6.0 

Recuperator  volume (m^) 

0.5 

2.0 

5.0 

10.0 

Reject  HX  weight  (t) 

0.44 

1.76 

4.40 

8.80 

Shielding  weignt 

(1  rem/h  contact)  (t) 

20.0 

25.0 

25.0 

25.0 

Total  weight  (no  shiela 
or  radiator)  (t) 

2.14 

7.15 

16.36 

32.79 

iTcav  ■ 1500  K|  T^e  ” K. 


radiatora  nave  to  D«  uaed,  welgnt  limxtatxona  will  restrict  cw  power 
levels  to  a few  megawatts  (electric) . 

Figure  26  illustrates  the  trade-ofts  between  closed-  and  open-cycls 
power  systems  using  FBK  reactors.  The  break-even  point  is  tne 
integrated  operating  time  tor  whicn  open-  and  closed-cycle  systems 
have  equal  mass  ^ including  tne  stored  U2  *nd  tankage  in  open-cycle 
systems) . The  oreak-even  point  appears  to  be  about  6,000  s and  is 
relatively  independent  of  system  power  output.  For  times  less 
than  6,000  s,  open-cycle  systems  are  lighter)  for  times  greater  than 
6..000  s,  closed-cycle  systems  are  righter. 

High-power  applications  being  considered  probably  would  not  require 
operating  times  exceeding  about  6,000  s.  Open-cycle  systems  are  thus 
likely  to  be  preferred  over  closed-cycle  systems  Cor  high  powers. 
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At  the  low  end  o£  the  power  spectrum  (hundreds  of  Kilowatts 
(electric)  to  atx^ut  20  MM(e)),  total  weight  is  low  enough  that 
practical  cw  systemF  can  be  carried  in  a single  shuttle  load. 

In  suaunary,  turbogenerator  power  systems  appear  to  be  the  most 
promising  approach  for  ooth  FbRs  and  RBRs.  MUD  generators  require 
very  nign  operating  temperatures,  and  conversion  efficiency  is 
considerably  lower  than  is  the  case  for  a turbine  system.  The  FBR  can 
be  used  in  both  closea-cyle  (Ue-cooled)  and  open-cycle  (U^-cooied) 
systems.  Open-cycle  generation  up  to  several  hundred  megawatts 
(electric)  appears  possible  with  tne  FUR,  using  U2-cooled  turbines 
and  superconducting  generators.  High  powers,  up  to  about  2 G^fe) , 
appear  possible  with  the  KUR.  Closed-cycle  FBRs  will  require 
liquid-droplet  radiators  (LDRs)  for  heat  rejection  if  power  levels  of 
more  than  1-2  MW(e)  are  desired.  Continuous  power  outputs  up  to  about 
lOU  MW(e)  appear  feasible  with  the  FUR.  The  break-even  point  between 
closed-  and  open-cycle  systems  is  an  integrated  operating  time  of 
approximately  3,000-6,000  s.  For  longer  operating  times,  closed 
systems  will  oe  lighter;  for  shorter  operating  times,  open-cycle 
systems  will  be  lighter. 


JiNVIRONMliNT  AND  SAFbTY 

The  HBR  and  FUR  can  meet  the  safety  design  requirements  formulated  for 
tne  SP-100  project.  These  are  as  follows: 

1.  A launcn  accident  or  abort  cannot  cause  criticality. 

2.  The  reactor  must  remain  suocr.'-^  'Hl  if  immersed  in  water  or 
other  fluids. 

3.  A negative  temperature  coefficient  of  reactivity  must  be 
achieved. 

4.  The  reactor  will  not  operate  until  a stable  orbit  is  achieved. 

5.  The  reactor  must  liave  reboost  capability  if  operated  in  low 
orbit  (with  less  than  a 300-year  decay  time) . 

6.  Tnere  must  be  two  independent  safety  shutdown  systems  not 
subject  to  common  mode  failure. 

7.  There  must  oe  an  independent  snutdown  heat  removal  system  or 
independent  heat  removal  paths. 

8.  Tne  unirradiated  fuel  snoula  pose  no  environmental  hazard 
(i.e.,  235y  should  be  used). 

The  FUR  would  oe  loaded  prior  to  launcn  and  designed  to  withstand 
launch  accidents  and  aborts.  External  hydrogenous  moderators  cannot 
make  the  FUR  critical,  so  that  immersion  in  water  or  propellants  wilx 
not  cause  criticality  accidents.  At  the  projected  uranium  loadings, 
an  external  hydrogenous  moderator  will  have  a maximum  kg^f  of  about 
0.9. 

The  RBR  would  be  loaded  after  achieving  a stable  orbit.  Fuel  would 
be  blown  into  tne  cavity  after  frit  rotation  was  establisned. 
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The  FBR  and  RBR  should  be  easier  to  control  than  commercial  power 
reactors.  Tne  external  neutron  moderation  results  in  long  neutron 
lifetimes  and  makes  reactivity  sensitive  to  poisons  in  the  reflector. 
Both  effects  aid  control. 

Figure  29  shows  the  rate  of  power  rise  for  a RBR  subjected  to  a 
step  increase  in  reactivity.  An  insertion  of  20  dollars  above  prompt 
critical  is  assumed.  Even  for  this  very  large  insertion,  power  en- 
folding time  is  relatively  long  (30  ms)  and  within  the  control 
capability  of  the  reactor.  Power  e-folding  time  for  light  water 
reactors  (LWRs)  would  be  almost  2 orders  of  magnitude  faster  for  a 
comparable  reactivity  insertion.  FBR  benavior  should  be  similar  to 
that  of  the  RBR.  FuP^  and  RBRs  are  expected  to  be  safer  than 
conventional  reactors  in  terms  of  criticality  control. 

Teiqperature  coefficient  of  reactivity  was  examined  for  one  FBR 
design.  In  this  design,  the  coefficient  was  slightly  positive,  with 
an  increase  in  kgff  of  about  0.25  percent  per  100  K rise  in 
reflector  temperature.  The  positive  coefficient  can  be  easily 
managed,  since  tne  corresponding  power  e-folding  time  is  long 
(seconds)  and  a con^nsating  reactivity  adjustment  can  be  easily 
made.  Negative  temperature  coefficients  are  more  important  if  neutron 
lifetime  is  snort,  whicb  is  the  case  for  fast  reactors  or  LWRs.  It 
appears  likely  that  tne  FBR  design  can  be  adjusted  to  achieve  negative 
ten^erature  coefficients.  One  possibility  is  to  incorporate  some 
non-(l/V)  poison  in  the  reflector,  wnicn  would  compensate  for  tiie 
effect  of  temperature  on  reflector  absorption  cross  section. 

RBRs  and  FBRs  would  not  operate  until  the  spacecraft  is  in  a staole 
orbit.  If  they  operated  in  low  orbit  (with  less  than  a 300-year 
life) , they  would  ce  boosted  into  a nigh  orbit  at  the  end  of  life  so 
tnat  fission  products  would  decay  in  space. 

RBRs  and  FBRs  would  nave  two  independent  safety  shutdown  systems 
not  subject  to  common  mode  failure.  The  FBR  would  have  two  sets  of 
safety  rods  in  the  outer  and  inner  reflector,  eitner  of  wnich  could 
snut  down  tne  reactor.  The  RBR  would  have  a set  of  safety  rods  in  the 
outer  reflector,  plus  tne  capability  for  injection  of  neutron  poison 
into  the  cavity  (e.g,  B4C  particles). 

FBRs  and  RBRs  would  have  independent  shutdown  heat  removal 
systems.  For  the  RBR,  this  prouaOly  would  be  a separate  pressurized 

gas  circuit.  would  flow  through  the  core  to  remove 
afterheat,  with  flow  rate  controlled  by  valves.  The  integrated  amount 
of  coolant  required  to  remove  afterneat  is  only  a few  percent  of  the 
main  coolant  inventory,  since  the  afterheat  energy  is  a few  percent  of 
total  fission  energy.  Multiple  H2  storage  tanks  and  valves  could  oe 
used  for  reliability. 

Afterheat  in  a RBR  will  quickly  decay  to  very  low  leveis.  For 
example,  after  operation  tor  100  s at  100  MN(t),  the  afterheat  power 
drops  j aoo'jt  100  W a day  after  shutaown.  Long-lived  residual 
radioactivity  in  RBRs  will  also  oe  very  low.  For  an  integrated  power 
equivalent  to  a 1,000-s  burn  at  500  MN(t)  (a  representative  mission 
lifetime)  , approximately  lu  Ci  (curies)  each  of  ^^Sr  and  -^^^Cs  are 
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produced.  Lony-livea  rddioactive  inventories  are  almost  a miiiiontoid 
smaller  tnan  in  commercial  power  reactors. 

Tnis  low  inventory,  plus  the  very  large  uilution  in  space  if  it  is 
dispersed,  matces  accident  consequences  very  small  for  RBKs  or  pure 
open-cycie  FBKs.  Principal  concern  would  relate  to  loss  of  function, 
not  environmental  or  safety  hazards. 

FbKs  operating  in  tne  cw  mode  will  nave  larger  inventories  of 
fission  products  and  greater  afterneat  cooling  requirements.  A 
l-MW(e)  FBR  tnat  operates  for  several  years  will  nave  a raoioactive 
inventory  aoout  one-tnousandth  that  of  a commercial  LWR.  Potential 
accident  consequences  are  much  lass  than  those  for  commercial  plants, 
because  of  botn  the  lower  inventory  and  tne  greater  isolation  of  the 
reactor.  The  cw  fbk  will  have  a separate  shutuown  cooling  system, 
with  independent  (and  redundant)  gas  circulators,  heat  exchangers,  and 
radiators.  Since  the  shutdown  heat  level  is  only  a few  percent  of  the 
main  power  load,  the  additional  components  do  not  seriously  increase 
system  weignt.  Leaking  pipes  and  components  can  be  snut  off  wnile 
still  maintaining  aftercooling.  However,  coolant  leaks  from  the 
reactor  vessel  will  result  in  loss  of  coolant  and  eventual  failure  or 
tne  core.  Unfortunately,  tnere  is  no  "sump  supply"  in  space. 

The  FBK  and  RBR  will  ooth  use  235^  luel,  wnich  po^es  no 
environmental  hazard.  The  reactors  would  be  designed  to  burn  up  and 
disperse  tneir  ruel  during  reentry.  Tne  particulate  nature  or  the 
fuel  makes  fuel  unloading  a potential  option  for  the  RBR  and  FBR. 
Designs  ror  unloading  KBR  fuel  have  been  investigated,  and  it  appears 
feasible  to  also  unload  FBR  fuel.  This  woula  have  important  safety 
benefits,  since  the  fuel  could  oe  unloaded  into  a passively  radiating, 
shielded  cask  if  a loss  of  coolant  situation  developed.  Unload  times 
of  a few  seconds  appear  practical.  This  would  prevent  fuel  melting 
and  consequent  dispersion  of  fission  products. 

The  ability  to  unload  fuel  is  also  of  great  benefit  for  (1) 
personnel  access,  (2)  maintaining  reactivity  after  extended  burnup, 
ana  (3)  waste  aisposal.  Unloading  fuel  would  greatly  reduce  the 
radiation  dose  from  the  reactor  and  could  permit  direct  personnel 
access  (probaoly  witn  some  limited  shielding) . If  long  uurnup  had 
degraded  fuel  reactivity  to  the  point  where  criticality  could  not  be 
maintained,  the  spent  fuel  in  the  FBK  could  be  unloaded  and  replaced 
with  fresh  fuel.  Tne  spent  fuel  could  be  unloaded  into  a small, 
snielded,  passively  cooled  casK  and  ooosted  into  an  eartn  escape  or 
high  orbit  for  aisposal. 


RBk/FBR  EXPERIMBNTS 

Scoping  experiments  on  simulated  RBR  and  FBR  particle  beds  nave 
dononstrated  capabilities  comparable  to  tnose  expected  for  operational 
reactors.  However,  these  preliminary  experiments  nave  not  fully 
explored  all  conditions  appropriate  to  FBKs  and  RaKs. 
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^Electrically  heated  FUR  particle  oeda  have  operated  at  power 
densities  of  about  1 kw/cb3.  Direct  resistance  nesting  and 
induction  heating  have  both  been  used,  with  heliua  cooling.  The  beds 
have  been  cooposed  of  500-:^  BISO  particles  (used  in  the  UTUR)  as  well 
as  l,000-/in  stainless  steel  spheres. 

The  experimental  power  aensity,  approximately  1 XN/ca3,  is 
comparable  to  tne  design  power  in  full-scale  cw  FBRs.  .’iasults  are 
very  impressive,  considering  tnat  the  average  He  coolant  pressure  in 
the  bed  was  only  aoout  1.5  atm.  Higher  coolant  pressures  shO‘jld  allow 
much  higher  power  densitites.  experiments  will  be  carried  out  at 
higher  pressures  (about  15  atm)  in  the  near  future.  The  measured 
pressure  drops  matched  predicted  values. 

Helium  outlet  temperatures  of  approximately  1200<>c  were  achieved 
with  BlSU-type  particle  oeds.  This  matches  desired  FBR  outlet 
t rature  in  the  closed-cycle  mode.  Stainless  steel  frits  showed  no 
reaction  at  120U<’C  during  tne  experiments  (over  about  5 hours) . 
Zirconium  frits  did  react  with  fuel  particles  at  this  temperature, 
however.  Particle  beds  have  been  rapidly  ramped  up  to  full  power 
(typically  in  2-3  s)  without  damage  to  Uie  particles.  Bed  power  has 
also  been  rapidly  cycled  without  observaole  damage  to  the  particles. 

All  experiments  have  so  far  been  on  He-cooled  particle  beds. 
jExperiments  are  planned  on  H^-cooled  oeds. 

Turning  to  the  RBR-reiated  experiments,  an  entensive  series  of 
hydraulic  tests  was  carried  out  at  Brookhaven  in  the  early  19708.  in 
these  experiments,  the  hydraulic  behavior  of  rotating  fluidized  beds 
was  studied  under  RBR-like  coisiitions,  using  coolant  and  glass  or 
copper  particle  beas  as  stand-ins  for  the  UC-ZrC  fuel  bed.  The  beus 
were  not  heated. 

Tne  simulated  RBR  beds  were  25  cm  in  diameter  ano  operated  at  10 
atm.  Beds  operated  without  problems  in  all  three  modes — settled, 
partly  fluidized,  and  fully  fluidized.  Figure  30  shows  a high-speed 
photograph  of  part  of  a rotating,  fully  fluidized  bed.  The  bed  has 
expanded  by  about  30  percent  in  volume  from  the  initially  settled 
state.  The  view  in  Figure  30  is  along  the  axis  of  the  rotating  bed 
and  shows  tne  inner  boundary  to  oe  smooth  and  curved  like  a liguid 
meniscus.  Particles  do  not  leave  the  surface  of  the  bed. 

High-speed  movies  were  also  taken  of  the  rotating  oeus.  in  one  set 
of  experiments,  a layer  of  colored  oeads  was  placed  on  the  inner 
surface  of  a rotating  settled  bed,  which  was  then  allowed  to 
fluidize.  The  colored  beads  gradually  mixed  with  the  rest  of  the 
ocd.  Particle  motions  were  gentle,  and  no  ...arge-scale  mixing  was 
observed. 

Mfnen  the  bed  was  taken  into  the  highly  expanded  state,  large-scale 
bubbling  could  be  observed.  Individual  particles  would  break  free 
from  tne  bed  surface.  Their  trajectories  would  bring  them  bacx  to  the 
oed,  but  ispact  velocities  were  higher  than  in  the  gently  fluidized 
state.  This  raises  the  possibility  of  attrition.  This  buboling  state 
always  could  be  brought  back  to  laminarlike  fluidization  by  increasing 
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rotation  speed  at  fixed  gas  flow  or  by  decreasing  gas  flow  at  fixed 
rotation  speed. 

Figure  Jl  cosipares  cne  experimental  fiuidixation  curves  with 
predicted  values  as  a function  of  gas  flow  and  bed  loading. 
Fluidisation  occurs  wnen  tne  pressure  arop  becomes  constant  with  flow 
rate.  At  this  point,  Ap  siiq>ly  equals  the  effective  weight  of  the 
suq>enaeo  particles  in  the  applied  g fieid.  Increasing  gas  flow  rate 
only  expanas  the  bed  and  does  not  cnange  Ap.  The  solid  line 
represents  tne  predicteu  pressure  drop  througn  packed  beds  as  a 
function  of  gas  flow  rate. 

The  nydraul4.c  uenavior  of  the  simuiatea  koK  beds  appearea  to 
correlate  with  analytical  modes  and  confirmed  that  stable  operation 
coula  oe  acnievcd.  Although  neated  ueaa  could  not  oe  examined  with 
tne  apparatus,  experiments  with  rotating  combustion  fluidized  beds 
have  been  carried  out  by  other  researchers.  These  studies  indicate 
that  staoie  operation  is  practical  in  volume-heated  beds.  They  also 
indicate  that  there  is  considerable  radial  mixing  that  tends  to  make 
oed  temperature  profiles  uniform  except  near  the  inlet  frit,  in  this 
region,  a sudden  temperature  jump  is  observed.  Tnis  type  of  benavior 
is  encountered  in  tne  RbR.  It  is  not  expected  to  affect  performance 
adversely  and,  in  fact,  may  aid  stability. 


FBM/RbR  UEVELOPMFNT  RK^UIRl^MENTS 

The  FBK  does  not  appear  to  involve  resolution  of  any  go/no-go  issues. 
Tne  materials  and  components  have  been  extensively  investigated  in 
connection  witn  other  reactor  systems.  However,  some  development  of 
particular  components  will  be  required,  depending  on  design,  and 
confirmatory  testing  will  be  necessary. 

Present  TRISO  fuel  particles  are  suitable  for  Ue-cooled  systems  up 
to  about  1500  K.  Testing  of  ZrC-coated  particles  should  be  carried 
out  tor  d2-cooled  or  nigher  temperature,  Ue-cooled  systems. 

ZrC-coated  fuel  has  been  manufactured  and  appears  to  have  very 
attractive  properties,  but  confirmatory  testing  for  FBR  application 
will  oe  required. 

Testing  of  nign-temperature  frits  at  FBK  conditions  will  also  oe 
required.  Refractory  metals  (e.g.,  Zr)  appear  satisfactory  for 
He-cooled  FBKs  at  temperatures  up  to  approximately  1400  K.  Uasteiloy 
or  Inconel  also  appear  satisfactory  at  tnis  temperature  level  and 
could  be  used  witn  U2  coolant.  However,  long-term  confirmatory 
testing  should  be  carried  out  to  demonstrate  adequate  performance, 
particularly  in  terms  of  creep,  and  compacioility  with  coolant,  fuel, 
and  tne  inner  moderator. 

For  temperatures  aoove  about  1400  K,  ceramic  frits  appear 
necessary,  and  these  will  require  some  development.  Graphite  is  a 
good  possibility  for  Ue-cooled  FBns;  a refractory  carbide  (e.g.,  ZrC) 
could  oe  used  tor  U2-cooied  systems.  A promising  construction 
approach  uses  segmented  overlapping  frit  plates  mounted  on  the 
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graphita  innar  aodarator  plataa.  Such  an  asMabiy  of  aagmntad  frit 
plataa  anould  auostantiaiiy  raduoa  vuinaraolilty  to  tharaai  and 
aachanicai  atrasa. 

A nonnuciaar  daaonatxatlon  of  tna  FBA  haa  haan  propoaad.  In  thia 
progcaa,  taraad  SPlUhR  (Spaca  Fouar  Intagratad  uaaonatration  Eaactor) , 
a alauiatad  FBH  irould  oa  taatad  at  oparating  conditionar  aiaa»  and 
waight  capraaantativa  of  tha  final  raaccor  ayataa.  An  ovaiall  viaw  of 
8P1DUK  ia  ahoan  in  Figura  32.  Tna  particia  fuai  had  would  ba 
realatanca  haatao  by  a 440-V*  10-MH  powar  aupply.  Tha  bad  t«culd  ba 
coolad  with  Ua;  coolant  praaauca  would  oa  in  tha  ranga  of  500-75U  pai» 
and  outlet  taiq>aratura  about  100(F^:.  Hydcogau  cooiant  would  alao  ba 
used  to  ainulata  opan-cycia  opecation. 

Major  paraaatara  for  SPIOSR  are  aunauirisad  in  Table  4.  The 
expariaent  could  operate  up  to  about  40  MW  in  tha  Ha-cooled  aodar  and 
about  200  Mm  in  tha  H2-cooiad  Boae,  if  heated  nuclaarly.  Klactrical 
realatanca  naating  inputa  of  tnia  aagnitude  are  not  practical. 

However,  it  appaara  faaaibla  to  neat  a portion  of  tha  bau  witn  tha 
available  electrical  aupply  to  power  danaitiaa  tnat  trould  corraapond 
to  tha  fuli-acale  output.  Tnia  would  verify  tnaraal-hydrauiic 
parforaanca  over  tha  full  oparating  ranga. 

The  fir at  pnaee  of  tha  prograa  would  ba  to  teat  bPIUhit  aa  a 
siaulatad  reactor  heat  aource.  Aftar  auccaaaful  coaf>latiun  of  the 
fir at  phaaa,  whxcn  would  cake  2 year a,  tna  auaulatad  reactor  would  oa 
integrated  with  a power  convaraion  (turbina/coaH>raaaor)  and  heat 
rejection  ayataai.  Power  generation  output  would  ba  about  3 MW  (a). 

Thia  aacond  phaaa  would  teat  the  capability  of  the  coaplata  FBR  power 
ayateai  to  generate  power  at  tna  predicted  operation  conditiona,  with 
actual  coEfxinanta  and  weighta.  Tha  aacond  poaaa  would  taka  an 
additional  2 yaara. 

Boaioaa  aarving  aa  a daannatration,  SPlDhk  would  provide  valuable 
inforaation  that  would  ba  uaad  in  tna  daaign  of  a ground-baaed  FBR 
prototype.  Taata  witn  BPIbBR  ahouid  confiro  tna  aoility  to 

1.  achieve  predicted  power  and  powa*:  danaitiaa 

2.  verify  tnaraai-hydraulic  parforaan^e  for  coolant  and  fuel  bad 

3.  operate  ir  cloaad-  and  open-cycle  aoda 

4.  quickly  awitch  froa  closed  to  ouan  cycle 

5.  reap  to  full  power  in  a few  seconds 

6.  deliver  aany  pulse  power  cycles 

7.  achieve  high  coaponant  and  systaa  raliability 

8.  operate  safely  in  off-noraal  and  shutdown  conditions  (a.g., 
loss  of  as in  coolant  systaa} . 

In  addition,  special  studies  investigating  tha  ability  to  raaotaly  and 
rapidly  load  and  unload  tna  FBR  fuel  bad  would  ba  carried  out. 

The  RBM  will  require  substantially  aora  RAU  than  tha  FBR. 
Fundaaantal  studies  on  f luirtisad-bad  aixing  processes  need  to  ba 
carried  out  woan  voluaa  heating  in  tha  bad  is  present.  Tiaa-varying 
temperature  and  voidaga  distributions  in  tha  bad  need  to  ba 
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Table  4 FBR  SPIDER  Physical  Characteristics 


Fuel  bed 

Outsiue  diameter  (cm)  40 

Ueignt  (cm)  40 

Tnickness  (cm)  3 

Bed  volume  (1)  14 

Particulate  weight  (6b%  DF) (Kg)  90 

Power  density  curing  operation 

BNL  (full  core) (w/cm^)  ^15 

BNL  (1/3  core) (W/cm^)  645 

APL  (full  core) (W/cm^)  715 

Power  generation  equivalent  (MW(t) 

BNli  tests  3 

APL  tests  10 

Nuclear  operation  capability  (1,500  psia)  50 

Tnermal  nydrauiics 

Inlet  He  pressure  (psia)  750 

Bed  pressure  drop  (BNL) (psia)  0.3 

Bed  pressure  drop  (APL) (psia)  l.b 

Inlet  He  temperacure  (^C)  30 

Outlet  He  temperature  i*^C)  1000 

Dimens ions 

Outside  diameter/neignt  of  outer  (Be  or  ^rH2)  moderator  (cm)  84/40 

Outside  diameter  of  inner  radial  moderator  (grapnite)  (cm)  30 

Weight  of  outer  radial  moderator  (if  Be)  (kg)  275 

Weight  of  inner  radial  moderator  (kg)  30 

Weight  of  end  moderators  (graphite)  (kg)  350 


establisn<id,  as  well  as  the  effect  of  volume  nesting  on  oed  expansion 
limits. 

Fuel  particle  lifetimes  in  H^  need  to  be  determined  more 
precisely  at  tne  expected  temperature  and  pressure  conditions.  The 
effects  of  thermal  cycling  and  mechanical  attrition  in  the  fluidized 
bed  on  particle  lifetime  should  also  be  examined.  Fuel  liretiaie 
studies  can  oe  carried  out  using  small  rotating  or  1-g  linear  ueds 
fluidized  witn  high-pressure,  high-temperature  U2.  Bed  heating 
could  be  provided  oy  nesting  either  tne  d2  or  the  particles. 
Furthermore,  fission  product  loss  rates  from  ttie  fuel  at  tne  expected 
reactor  conditions  need  to  be  determined.  Designing  fuel  particles  to 
minimize  loss  rate  should  also  be  investigated. 

The  full-scale  cold  flow  KBK  experiments  should  be  extended  to 
examine  fuel  loading  and  unloading.  In  addition,  transient  start-up 
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and  snutdown  pcocaasaa  stiouxd  oa  invest igacao,  witn  particular  regard 
to  how  rapidly  unxfora  tluidxaatir.<)  can  oa  astaOiiaoad. 

Haat  transter  axpariaants  in  a tull-acaia  siaulatad  Ran  aoould  also 
ba  carried  out,  using  cyclic  variations  in  inlet  coolant  teaperature. 
The  phase  lag  in  outlet  cocLant  teaperature  provides  inforaatlon  on 
particle-to-gas  neat  transfe/  coefticients  at  representative  RBk 
conditions,  which  can  serve  to  contira  predictions. 


SUMMARY  AMO  CONCLUSIONS 

Coapact  nig’.i-perfcxMnce  nuclear  reactors  can  be  based  on  direct 
cooling  of  U^aR-like  nuciear  fuel  particies.  The  very  large  surface 
area  of  the  particles  allows  very  bigh-powrx  densities,  nigh  coolant 
outlet  teaperatures,  saali  teaiperature  ailferences  between  fuel  ana 
coolant,  and  very  fast  start-up  ana  shutdown  of  tne  reactor. 

TWO  reactor  concepts  based  on  d'iUK  particles  nave  been  investigated 
in  detail.  In  the  first,  the  Pixed-sed  Reactor  (FbR) , the  particles 
are  packed  oet%«een  two  porous  frits,  foraing  a relatively  thin  annular 
fuel  oed  through  which  cooiant  flows  radially.  Neutrons  are  aoderated 
in  external  reLlertors  outside  and  insiae  the  annular  fuel  oed.  The 
PBM  can  operate  for  years  in  the  cw  Brayton-cycle  aode  with  inert  gas 
coolant  (e.g.,  and  a turoogcnerator/coapressor  power  systea.  Tne 
PdR  can  also  operate  in  tne  open-cycie  aode  with  coolant, 
generating  very  nigh  power  outputs  for  pulsed-energy  devices.  Tne 
sane  reactor  can  operate  oinodally,  switcoing  oacx  and  forth  between 
open-  and  closed-cycle  nodes  wnen  desired. 

Tne  FbK  can  deliver,  froa  a practical  device  of  <*bout  1 a x 1 a in 
dianeter  and  height,  power  outputs  up  to  about  30U  Ml(t)  in  the 
Ue-cooled  aode  and  aoout  i,UUU  fSii(t)  in  toe  U^-cooled  aode. 

Opera** ing  tine  in  tne  closed-cycle  aode  can  be  very  long  (nontns  to 
years) , depending  on  power,  but  is  liaited  to  a few  hours  at  nost  in 
tne  open-cycle  node,  because  of  U2  storage  requirenencs. 

The  FBK  can  satisfy  alnost  all  ox  tne  potential  applications  with 
its  generation  capability.  Two  basic  size  reactors  can  cover  tne  cw 
power  range  froa  approxinately  100  kW(e)  to  approxiaately  100  HW(e) 
without  serious  weight  penalty.  Open-cycle  U2~cool*<i  generation 
levels  will  be  approxinately  5 tines  the  cw  level.  Coolant  outir<t 
teaperature  capability  is  nign,  about  iSOO  K in  tne  cw  node  and  about 
2000  K in  tne  open-cycle  aode.  Power  generation  efficiency  will  be 
high  under  these  conditions,  about  iO  percent  for  closed-cycle 
operation  ana  40-50  percent  for  open-cycle  operation. 

Relatively  little  developaent  is  required  for  the  FMK.  Present 
HTUR  fuel  particles  can  be  used  for  closed-cycle  operation.  Soae 
aodification  of  the  particles  to  use  ZrC  coatings  probably  is 
necessary  for  open-cycle  operation,  but  developaent  of  such  particles 
has  already  been  under  investigation  for  coaaerciai  purposes. 

Toe  asin  developaent  task  for  tne  FUR  appears  to  be  the 
nigh-teaperature  (inner)  frit.  Refractory  awtal  frits  appear 
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satisfactory  fur  outlet  cenperatures  up  to  about  1500  K.  Kefractory 
ceramic  frits  appear  to  oe  practical  for  mucn  higher  temperatures  out 
must  be  tested  in  representative  reactor  configurations. 

For  very  nigh  power  outputs  and/or  very  high  coolant  outlet 
temperatures,  tbe  FBR  would  be  superseded  by  tbe  second  reactor 
concept,  the  Motating-Bed  Reactor  (RBR) . In  the  RBK,  the  annular  fuel 
bed  is  held  inside  a rotating  porous  frit.  Coolant  passes  radially 
tnrough  cne  frit  at  low  temperature  ano  then  tnrougn  the  particle  fuel 
bed  and  finally  exits  at  high  temperature  from  a nozzle  at  one  enu  of 
tn<.  KaR  internal  cavicy. 

Tne  Mbk  can  only  operate  in  the  open-cycle  mode  witn  coolant. 

The  fuel  particle  bed  can  operate  in  either  of  three  states — fully 
settled,  partly  fiuiaized,  and  fully  fluidizeu.  At  a given  coolant 
flow  rate,  tne  fuel  bed  state  is  determined  oy  frit  rotation  speed. 
Uigner  speeds  are  required  for  settied-oeo  operation  and  lower  speeos 
for  f luidized-bed  operation. 

Output  powers  up  to  aoout  5,UU0  riW(t)  can  be  generated  with 
relatively  small  size  RBKs,  i.e.,  i m x 1 a in  lengtn  and  oiamecer. 
RBR  coolant  outlet  teaperacures  up  to  tne  limit  of  materials 
capability,  approximately  JOUU  K,  can  be  achieved. 

Tne  KnR  would  be  used  ror  direct  tnrust  applications,  where  nigh 
power  and  hign  specific  impulse  (igp  — 1,UU0  s)  are  rev^uirea,  ana 
for  generation  of  very  large  electric  power  outputs  using  mUU 
generators  or  hign-teoiperature  turbines. 

Development  requirements  are  substantially  greater  for  tne  RBR  than 
fur  the  FBR.  The  fluid  dynamics  of  vuiuae-neated  fluidizeu  ueds  haw 
not  been  adequately  explored,  and  fuel  particle  behavior  in  very  nigh 
temperature  needs  to  oe  furtner  investigated.  Since  the 
integrated  operating  life  for  the  RBR  is  at  most  a few  nours  because 
Of  mass  requirements,  long-term  material  perforsMnce  under 
irradiation  does  not  appear  to  be  an  issue. 

The  FBK  ana  tne  RBm  appear  to  b«  promising,  nign-performance 
cosipact  reactors  that  are  designed  to  meet  a variety  of  applications 
and  a wioe  power  range.  Tney  are  based  on  the  smali-diameter- 
particulate  fuels  developed  for  tne  RTUR,  for  wnich  tnere  is  extensive 
lence  and  understanding. 
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FIGURE  1 Space  nuclear  power  regii 
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FIGURE  2 Multinode  reactor  operation. 
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FIGURE  3 BISO  and  TRISO  fual  particlas,  davalopad  by  Gancral  Atoalca. 
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FIGURE  b Rower  densities,  in  megawatts  per  liter. 
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FIGURE  8 Fixed-Bed  Reactor  (FBR) . 


131 


IIM 


AT- 


134 


FIGURE  13  Hellu»-cooled  FBR 
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FIGURE  14  ilydc09«n-000l*d  FBR. 
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FIGURE  18  RotatinQ-Bttd  Raactort  vaisu*  urr.niua  loading 
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FIGURE  23  Coolant  volume  fraction  and  temperature  as  a function  of  f luidized-bed  depth 
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FIGURE  30  View  of  bed  teiken  through  _»ottom  plate ; 
1,000  rpm,  170 
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FIGURE  31  Correlation  of  fluidization  data  for  500-m*  glass  beads j 
specific  gravity  is  2.5. 
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FBR  TEST  ARRANGEMEM 
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FIGURE  32  FBR  t«st  arrangement. 


BXPaKItiCa  WITH  GA.S-OOOLKD  AMU  LlQUIl>-Ml!:TAL-aX)LlSD 
HIGM-Tii*U>ERATUKE  NUCLEAR  REACTOR  SYSTEMS 


R.  E.  Morgan  and  L.  J.  Vachon 
Waatingnoua*  Electric  Corporation 
Madiaon,  Pennsylvania  lbb6l 


INTRODUCTION 

Tne  United  £>tatea  has  made  outstan^iing  conti  ihutions  to  aerospace 
t'..cnnology  over  the  past  25  year  a • which  have  permitted  dramatic 
progreaa  in  tne  exploration  and  exploitation  o£  aerospace  tor  the 
benetit  of  the  civilian  and  military  sectors.  The  successful 
conaiissioning  of  tne  Space  Snuctie  and  tne  consequential  interes*-  in 
deploying  larger  and  more  ad^'anced  aerospace  systems  have  called 
attention  to  tne  neea  tor  timely  development  oT  advanced  power 
r.uppiies  so  that  impoitant  aerospace  missions  of  the  I990r  will  not  be 
unduly  constrained  by  power  considerations.  Clearly,  the  most 
cost-effective  and  productive  step  in  this  direction  is  to  assess  the 
curient  status  of  applicable  technol<^y,  followed  by  a developmental 
program  that  maximizes  technology  transfer  and  produces  a reliable 
power  system  for  a broad  range  of  aerospace  missions.  Towari  this 
Objective,  this  paper  provides  an  overview  of  relevant  aerospace 
nuclear  power  and  propulsion  programs  in  which  Westinghouse  played  a 
significant  roic. 


LIGHTWEIGHT  blGH-TEMPc,l<ATUR£  KEACTOK  EXPERIENCE 
Propulsion  Systems 

Nuclear  Rocket  Engine  (NEKVA)  (westinghouse  Astronuclear  Laboratory, 
1972) 

Major  progress  in  tne  development  of  iigntweight,  gas-cooled  reactor 
technology  wan  accomplisheo  under  the  U.S.  nuclear  rocket  program, 
whicn  was  initiateu  oy  tne  Los  Alamos  Scientific  Laboratory  (LASL)  in 
1955  and  reached  advanced  development  status  through  tne  erforts  of  a 
government-i.idustry  team.  Tnis  program  sought  to  utilize  tne  nigh 
specific  impulse  of  a nuclear  rocket  to  circumvent  tne  limitations  of 
chemical  systems  for  advanced  scientific  and  civilian  missions.  Tiie 
NERVA  f.ilnnc  engine  reactor  was  sized  to  provide  i,500-HW  thermal 
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power  for  a rated  engine  thrust  of  75,000  lb  at  a r ecific  iopulse  of 
87.5  s.  The  overall  engine  reliability  requirjaent  was  confidently  set 
at  an  extremely  high  level:  0.985  at  a 90  percent  confidence  level. 

Based  on  the  LASL  KIWI  design,  the  NERVA  engine  utilized  a 
hydrogen-cooled,  epithermal  reactor  containing  a core  of  uranium 
caibide  fuel  beads  dispersed  in  a graphite  matrix  and  a radial 
beryllium  reflector  with  rotating  neutron-absorber  drums  for  control 
of  reactor  power,  r.s  shown  in  Figure  1.  The  nucleonics  of  tne  rea<.'tor 
was  dominated  by  the  large  void  fraction  associated  with  the  numerous 
coolant  cuannels  and  by  the  niobium  coatings  in  the  ^.lannels  ‘.nat 
protected  tne  graphite  core  against  tne  highly  reactive  hydir/gin 
coolant. 

In  addition  to  cemonstrating  tne  ability  of  the  reactor  to  operate 
for  an  extended  period  at  desired  power  and  temperature  levels,  the 
NERVA  program  nad  to  address  a number  of  basic  feasioility  questions 
with  regard  to  reactor  structural  integrity,  restart  capabiliuy.  and 
controllability.  Structural  integrity  and  performance  were 
oemonstrated  by  successful  operation  of  15  KIWI  and  NRX  reactors. 

Early  in  the  nuclear  rocket  progr^un,  serious  vibrational  problems  were 
encountered  in  tlie  1962  KIWI-fi  test,  leaving  the  structural  integrity 
of  the  reactors  in  douot.  Tests  conducted  in  1964  by  LABL  ana  the 
NERVA  team  proved  that  the  difficulty  was  understood  and  had  been 
corrected  by  an  improved  lateral  support  system.  Confidence  then 
increased  sufficiently  to  increase  the  reactor  performance  goal  to  60 
min  of  full-power  operation,  which  was  subsequently  acnieved  with  the 
NRX-a6  reactor  test  article. 

In  the  NRX  test  reactors,  E2  entered  the  reflector  from  the 
regeneratively  ccoled  thrust  nozzle  at  a temperature  of  the  order  of 
-260*^F.  After  cooling  tne  reflector,  pressure  vessel,  control  drum 
actuators,  internal  shield,  and  support  plate,  the  hydrogen  entered 
the  core  at  approximately  -230^P.  Most  of  the  hydrogen  passed 
throtgn  the  fuel  element  channels,  wherein  it  was  heated  to 
approximately  4000^F.  A fraction  of  the  core  hydrogen  flow  was  used 
to  cool  tne  Me-rods,  after  which  procedure  it  was  mixed  with  the  fuel 
channel  exit  gas  to  provide  nominal  nozzle  chamber  conditions  of  550 
psia  and  3630^. 

More  than  25  reactor  start-ups,  inc.uding  many  restarts,  were 
successfully  a 'complisned  in  the  KIWI/NRX  test  series.  In  aodltion, 

10  reactor  start-ups  to  power  conaitions  were  successfully  executed  in 
the  first  complete  engine  system  test  (NRX/EST) . These  tests 
conclusively  demonstrated  the  restartaoility  and  reusability  of  the 
NERVA  nuclear  system. 

Other  reactor  cests  resolved  tne  questions  about  controllability  of 
the  system  associated  with  the  nuclear  reactivity  effects  of  the 
hydrogen  coolant  under  the  extremes  of  temperature,  flow,  and  start 
times  dictated  bi'  a nuclear  rocket. 

Tests  then  shifted  f'’om  reactor-related  experiments  to  the 
performance  of  a ground  test  engine  called  the  NERVA-XE,  successfully 
completed  in  September  1969.  The  tests  were  conducted  with  the  engine 
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firing  downward  into  a aiauiated  space  cnvironanntf  as  snown  in  Figure 
2.  The  steps  included  Multiple  restarts,  throttling,  and  aucoaatic 
control  start-up  by  use  of  "bootstrap"  techniq''es.  Tne  engine  was 
started  28  tiees  and  wc.s  operated  at  various  thrust  levels  for  a 
cuBulative  tiMe  of  3 hours  and  48  Min,  whicn  included  suae  tiae  at 
full  power  of  1,100  KM  ana  thrust  of  55,000  lb. 

The  technology  developaent  phase  of  the  N£RVA  program  was 
successfully  co^ieted  with  the  NiOC-A6  reactor  test  and  the  XE-Priae 
engine  test.  The  feasioility  questions  had  all  been  answered 
satisfactorily,  tne  necessary  develc^aent  inforaation  had  been 
obtained,  and  reactor  endurance  capability  of  greater  than  60  ain  at 
full  teo(>erature  and  power  had  been  desonstrated.  Developaent  of  a 
flight  engine  was  ready  to  proceed  in  1871,  when  the  NKRVA  prograa  was 
terminated. 


Nuclear  Aircraft 

Nuclear  Extended  Range  Aircraft  (NuKHA)  (Muenlbauer  and  Tnoapson, 

1972) . This  study  of  the  U.S.  Air  Force  was  initiated  in  1966  and  had 
the  basic  objective  of  assessins  the  feasibility  of  manned  nuclear 
aircraft  propulsion  using  state-of-tne-art  reactor  technology.  The 
reference  design  parameters  that  guided  the  study  included  a reactor 
plant  power  level  of  275  MM,  a reactor  outlet  temperature  of  1800*^F, 
a design  lifetime  of  all  reactor  con^^onents  (including  core)  of  10,000 
hours,  and  a turbine  inlet  air  temperature  of  1600^F. 

Concurrent  with  the  design  of  the  reactor  system  was  the  evaluation 
of  system  safety  during  normal  and  aonormal  aircraft  operations, 
including  the  potential  consequences  of  a crash.  In  pursuing  the 
nigh-temperature,  liquid-metal-cooied  reactor  technology  specified  for 
this  study,  var..ou8  design  options  were  considered.  A single-phase 
heat  transport  system  was  chosen  owing  to  several  disadvantages  of  a 
two-pnase  system,  particularij  the  larger  flow-area  requirements  that 
would  increase  component  sizes  and  weights.  Although  direct  transport 
of  the  reactor  coolant  to  the  engine  turbines  promised  higher  thermal 
efficiency,  a primary/secondary  neat  transport  system  was  elected  to 
satisfy  safety  requirements  and  to  avoid  t.;e  maintenance  problems  and 
increased  shielding  requirements  that  would  result  from  the  plate-out 
of  entrained  radioactivity  In  the  low-temperature  coaponents.  The 
primary  system  was  designed  with  two  separate  loops,  each  delivering 
heat  to  its  own  intermediate  heat  exchanger,  to  provide  redundancy  in 
decay  heat  removal  in  the  event  of  a malfunction  or  damage  to  tne 
system.  Lithium  was  elected  as  the  reactor  coolant  because  its  high 
specific  heat  and  low  vapor  pressure  would  permit  much  smaller  pipe 
sizes  and  wall  thickness  and  lower  pumping  power.  Existing 
irradiation  test  data  related  to  fuel  dimensional  staoility, 
fuel/claa/coolant  coapatibility  data,  and  thermcpnysical  properties 
lea  to  the  choice  of  uranium  nitride  as  tne  prime  nuclear  fuel 
material.  ( nascent  irradiation  data  developed  under  the  Liquid-Metal 
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Fast  Breeder  Reactor  (latPBR)  program  indicate  that  fuel  swelling  of 
uranium  carbide,  one  of  the  candidate  NuBRA  fuel  materials,  would  not 
be  as  severe  as  had  been  anticipated  in  the  NuERA  study.) 

The  reactor  concept  resulting  from  the  evaluation  of  v;.c:ble  design 
options  was  a lithium-cooled  compact  fart  reactor.  All  tl>=  primary 
pining  material  was  a columbium  alloy  (Cb-l;&r)  , as  were  the 
intermediate  heat  exchangers,  the  pumps,  and  the  reactor  vessel.  The 
fuel  pins,  which  also  were  in  contact  with  the  lit.iium,  were  clad  in  a 
tantalum-base  alloy  (ABTAR  811-C) . A secondary  fluid,  liquid 
sodium-potassium  (NaK) , was  used  to  transfer  the  reactor  thermal 
energy  to  the  engines.  It  exited  the  shell  of  the  intermediate  heat 
exchanger  at  1700°F  and  flowed  to  the  engine  heat  excnanger.  In 
tnis  engine  counterflow  exchanger,  the  NaK  was  cooled  to  1300°F  as 
its  energy  was  transferrea  to  the  air  stream,  tnereby  replacing  the 
normal  combustor  function  in  the  engine.  Isolation  valves  were 
included  in  each  secondary  loop  to  provide  shutoff  capability  if 
required  in  the  event  of  an  engine  failure. 

As  shown  in  Figure  3,  tne  reactor  witn  its  primary  shield  was 
fflountea  vertically  with  the  vertical  centerline  laterally  offset  aft 
from  the  center  of  a spherical  containment  vessel.  The  intermediate 
heat  exchangers,  the  primary  puicps,  and  the  snield  roolant  system  heat 
exchanger  and  pumps  were  installed  in  the  crescent-shaped  space 
provided.  The  banana-shaped  expansion  tank  was  located  at  the  highest 
point  in  the  conpartment  anJ  was  connected  to  one  of  the  reactor 
outlet  lines.  The  intermediate  heat  exchangers,  primary  coolant 
pumps,  and  expansion  tank  were  supported  from  the  containment  shell. 
The  reactor  and  shield  assembly  were  mounted  on  a base  structure 
attached  to  the  lower  portion  of  the  containment  shell,  which  was 
designed  to  withstand  a 200-rt/s  impact  in  any  direction  without 
rupturing. 

The  primary  shield  completely  enclosed  the  reactor  and  consisted  of 
an  inner  layer  of  tungsten  inside  the  pressure  vessel,  an  external 
layer  of  zirconium  hydride,  and  an  outer  layer  of  lithium  hydride. 
Inserted  oetween  these  two  major  layers  was  a sheet  of  boral.  The 
snield  was  compartmented  and  hermetically  sealed  to  prevent  the 
outgassing  of  materials  and  tne  need  to  contain  the  shield  coolant. 

The  decay  heat  removal  system  made  use  of  one  of  the  primary  and 
seconaary  loops.  The  latter  was  modifiea  to  contain  a bypass  loop 
that  was  connected  to  one  of  the  secondary  loops  and  rejectee  the 
decay  heat  through  a liquid  metal  to  air  heat  exchanger.  The 
secondary  coolant  pump  provided  tne  puiaping  power. 

The  NuERA  conceptual  design  ueveloped  during  this  extended  study 
satisfied  all  reactor  performance  criteria  and  complied  with  specified 
size  and  weight  constraints  on  tne  nuclear  subsystem.  Thus  the  oasic 
feasibility  of  using  nuclear  power  for  manned  aircraft  propulsion 
using  state-of-the-art  reactor  technology  was  established. 
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Innovtiv  Aircraft  D««ign  Study  (IADS)  (ituahlbauT , 1977).  An 
extension  of  tne  tiu£i<A  study  was  subsequently  perforaed  for  the  U.S 
Air  Force  by  Lockheed-Georgia  Coapany  and  Mestinghouse  in  1976-1977  to 
estisMte  tne  lightest  reap  weight  of  an  aircraft  configuration  with  a 
nuclear  propulsion  systea.  Par asa trie  analyses  and  design-ref ineaent 
studies  were  conducted  for  conventional,  canard,  and  spanloader 
aircraft  configurations  with  payloads  of  400,000  and  600,000  lb  of 
containerized  and/or  outsized  cargo,  a cruise  Mach  nuaber  of  0.75,  an 
eaergency  range  of  1,000  n.  ai  (nautical  ailes)  on  cheaical  fuel,  and 
a field  length  of  9.000  ft.  The  canard  configuration  was  selected  for 
detailed  analysis,  since  it  had  che  lowest  raap  weights  of  the  three 
configurations  for  ootn  payloads. 

Analyses  of  several  Kankine  and  Brayton  nuclear  propulsion  cycles 
resulted  in  the  selection  of  an  open  Brayton  turbofan  cycle  for  a 
reference  aircraft.  The  selection  was  Bade  on  the  basis  of  the 
extensive  data  background  and  low  weight  of  the  cycle.  Of  all  the 
cycles  considered,  only  a nonrecuperated  closed  Brayton  cycle  with  a 
dual-BOde  engine  was  found  to  be  lighter  in  weight  than  the  selected 
cycle.  However,  this  closed  Brayton  cycle  was  excluded  from 
consideration  in  the  IADS  study  because  an  adequate  data  base  was 
lack ing . 

The  reference  aircraft  design  conforaing  with  aission  requirements 
had  a raop  weight  of  1,556,000  lb  and  served  as  a basis  for  assessing 
the  sensitivity  of  the  design  to  variations  in  the  mission 
requirements,  in  advanced  technology  applications,  and  in  the  nuclear 
operation  and  design  pnilosopny.  h 13.1  percent  reduction  in  raap 
weight  to  1,353,000  lb  was  achieved  by  adopting  an  alternrte  nuclear 
operational  design  philosophy.  Features  of  this  alternative  included 
special  shaping  of  the  shield,  use  of  the  eaergency  range  chemical 
fuel  for  shielding,  and  full-power  reactor  operation  foi.  alx  normal 
flight  pnases  witn  naif-power  for  emergencies,  xne  use  of  composite 
materials  for  40  percent  of  the  structural  weignt  of  the  reference 
aircraft  produced  13.5  per'^ent  savings  in  aircraft  raap  weight 
relative  to  all-aluminum  aircraft. 

Nuclear  Bi-Brayton  System  (Pierce,  1979) . Barly  Westinghouse  studies 
of  nuclear  aircraft  propulsion  concepts  focused  on  liquid-metal-cooled 
fast  reactors  (NuEKA)  using  the  open  Brayton  cycle  and  a 
high-temperature  intermediate  neat  exchanger,  which  presented  design 
problems  and  weighc  penalties.  Subsequent  investigations  of 
alternative  nuclear  niopuision  systems  ndicated  that  a Bi-Brayton 
cvcle  utilizing  an  advanced  Uigh-Temc/»  .ature  Gas-Cooled  Reactor  was  a 
promising  concept. 

The  gas-cooled  reactor  selected  for  this  concept  made  use  of 
already  proven  teciux'logies,  primarily  from  the  NERVA  nuclear  rocket 
progreun  and  from  commercial  gas-cooled  reactors.  The  reactor  was  a 
helium-cooled,  graphite-moderated  epitnermal  reactor  with  TklSO-coated 
fuel  beads  dispersed  in  extruded  graphite  elements,  it  had  a lateral 
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support  systsn  to  iasint«in  core  bundling  end  s berylliuai  radial 
reflector  with  control  druas. 

Ths  Bi-Brayton  cycle  eliainated  the  need  for  high-teaperature 
capabilities  in  the  engine  and  interaediate  heat  exhangers  and 
peraitteo  tne  coupling  of  a state-of-the-art  gas-cooled  reactor. 
Shielding  criteria  and  materials  for  the  reactor  were  the  sasw  as 
those  for  the  NuERA  System.  The  arrangement  of  reactor  coaponents 
within  the  containment  vessel  is  shown  in  Figure  4.  Figure  5 contains 
a system  schematic  and  reveals  how  the  physical  separation  of  the 
primary  and  secondary  energy  transport  loops  was  achieved;  system 
temperatures  are  also  shown,  including  those  for  the  neat  exchangers, 
which  are  substantially  lower  than  those  in  a comparable  NuBRA 
system.  Another  advantage  of  tnese  low  temperatures  was  that 
concentric  stainless  steel  supply  and  return  lines  could  oe  used  for 
the  helium  seconaary  system,  thereby  reducing  the  piping  weight  and 
eliminating  tne  need  for  insulation. 

Table  1 reveals  the  power  plant  weight  reductions  obtainable  with  a 
Bi-Brayton  system  in  comparison  with  those  of  the  liquid-metal  concept 
using  the  closed  Brayton  cycle. 


Nuclear  Marine  Propulsion  (Thompson,  1975;  Jones,  1975) 

Extensive  studies  were  performed  by  Westinghouse  in  applying 
state-of-the-art  reactor  technology  to  evolving  requirements  for 
lightweight  power  and  propulsion  systems.  One  such  study  was 
initiated  in  1972  to  investigate  the  feasibility  of  a ship  powered  by 
a lightweight  nuclear  propulsion  (LWNP)  system.  Key  assumptions  used 
in  this  study  included  a ship  weight  of  2,000  long  tons,  a n2ucimum 
mission  duration  of  6 months,  a power  plant  design  lifetime  of  10,000 
equivalent  full-power  hours,  and  a power  plant  specific  weight  less 
than  15  lb  per  shaft  horsepower  (SHP)  at  140,000  horsepower.  Design 
requirements  included  compliance  with  federal  regulations  on 
radiological  safety  (10  CFK  50)  and  containment  integrity  following  a 
30-Kn  (knot)  collision. 

Several  reactor  options  and  power  conversion  options  were  evaluated 
in  the  early  phase  of  this  effort.  Follow ing  appropriate  trade-off 
studies,  a NERVA-type  reactor  and  a closod-cycle  neliua  gas-turbine 
power  conversion  system  were  selected  for  this  application.  Although 
direct  shaft  power  could  have  been  onployed,  superconducting  motors 
and  generators  were  chosen  to  permit  transfer  of  large  blocks  of  power 
to  numerous  locations  throughout  the  ship.  A schematic  diagreui  of 
this  power  plant  is  shown  in  Figure  6.  Only  one  of  the  two  identical 
parallel  power  conversion  loops  is  shown.  Reactor  outlet  conditions 
of  1700^F  and  1,500  psia  were  selected  after  consideration  of  cycle 
and  materials  requirements  and  technology.  These  conditions  provided 
an  attractive  overall  cycle  efficiency  and  a compact  power  plant  that 
can  be  achieved  within  the  expected  capability  of  superalloy  materials 
witnout  requiring  cooling  of  the  turbine  blades. 
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TABLE  1 OoapAciaon  of  Systaa  Height*  for  Liquid-Metal  (NuBBA)  and 
Gae-Oooled  (Bi-Brayton)  Nuclear  Aircraft  Propulsion  Systests 


Subsystea  Heights  (1,000  lb) 

Liquid-Metal 

MUEBA 

Gas-Cooled 

Bi-Braytsn 

Nuclear  subsystaa 

391.3 

419.3 

NSS  auxiliaries 

15.0 

15.0 

Piping  and  engine  UX 

122.7 

32.3 

Turbine  and  gearing 

— 

6.4 

Eng ines 

81.0 

70.3 

JP  fuel  systea 

3.1 

3.1 

JP  fuel 

134.6 

122.1 

Total  systea  weight 

747.7 

665.5 

The  nuclear  reactor,  along  with  the  two  potier  conversion  packages, 
radiation  shielding,  and  concainnsnt,  is  shown  in  Figure  7.  This  unit 
has  a 140,000-SHP  rating  and  is  3a  ft  long,  IS  ft  wide,  and  34  ft 
high.  The  auxiliaries,  not  shown  in  this  figure,  are  estiiaated  to 
require  ii,700-ft^  additional  voiuae.  Toe  entire  priaary  systea  is 
surrounded  by  a thick-walled  containaent  vessel  and  consists  of  two 
cylinders  joined  in  the  fora  of  an  inverted  ”T."  The  3-in. -thick 
vertical  cylinder  iaaediately  surrounds  the  reactor  asseably,  while 
the  lower  5-in. -thick  cylinder  surrounds  the  turooaachinery , eaergency 
cooliTtg  systea,  control  gas  storage  bottles,  and  potrar  conversion 
equipaent.  Tnxs  vessel,  in  addition  to  providing  for  aounting  of 
systea  components,  acts  as  toe  third  level  or  containaent  for  fission 
products,  provides  for  protection  of  tnc  syste'i  in  the  event  of 
collision,  ano  satisfies  a portion  of  the  totaJ.  systea  shielding 
requircaents.  The  nuaber  of  connections  through  this  vessel  is 
"iniaised  and  includes  asans  for  positive  sealing  to  ensure  protection 
against  release  of  fission  products  in  the  event  of  an  :ccident. 

The  reactor  design  drew  heavily  upon  the  deaonstrated  MERVA  reactor 
design  technology  but  incorporated  adaptation:,  of  those  NBRVA  design 
features  appropriate  for  this  LHNP  application.  Thus  on  the  basis  of 
the  successful  NERVA  developaent  and  test  prograa,  there  was  a hiab 
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degree  o£  confidence  that  the  LWNP  reactor  could  ^ auccessfully 
designed  «.nd  built  with  a mininuu  of  research  anu  developaent. 

Like  NKRVA,  tne  reactor  consisted  of  a gas-cooled,  graphite- 
Btoderated,  epitherfflal  core  with  coated  fuel  beads  dispersed  in 
graphite  elements;  it  had  a lateral  support  system  to  maintain  core 
bundling  and  a beryllium  radial  reflector  with  control  drums.  Nbiie 
fuel  element  fabrication  was  based  on  NKRVA  technology,  the  lower 
operating  temperature  permitted  the  use  of  TRiSO-design  fuel  beads 
developed  and  used  in  commercial  gas-cooled  reactors.  This  feature 
enhanced  retention  of  fission  products  within  the  fuel  bead  itself  and 
substantially  increased  the  overall  safety  of  the  system. 

The  specific  weight  of  the  power  plant  design  described  above  for  a 
140,000-SUF  rating  was  less  than  12  ib/SHP,  well  within  the  15-lb/SUP 
specification.  The  power  plant  components  costprisiing  this  total 
weight  included  all  components,  controls,  and  auxiliaries  up  to  the 
connection  to  the  waterjets  or  propeller  shafts  and  the  lift-fan 
shafts.  Tne  study  revealed  that  the  power  plant  could  also  be 
aesigned  with  an  arrangement  whereoy  the  turbomachinery  and  heat 
exchangers  would  be  separated  and  more  accessible,  but  not  without 
weignt  and  size  penalties  tnat  were  undesirable  for  the  LWNP 
application. 

The  development  of  the  LWNP  conceptual  design  described  above, 
including  the  evaluation  and  application  of  available  technology, 
indicated  that  a ligntweight  nuclear  propulsion  power  plant  was 
feasible  and  could  be  developed  with  minimal  risk  and  reasonable  RkD 
costs. 


Space  Electric  Power  (Tnompson  and  Pierce,  1977) 

The  purpose  of  this  internal  Westinghouse  study  was  to  investigate  the 
feasibility  of  designing  a spacecraft  nuclear  power  plant  with  output 
in  excess  of  5U  kW(e)  that  would  have  a high  degree  of  commonality 
with  various  space  reactor  applications  in  order  to  minimize 
development  cost.  The  concept  adopted  for  this  application  consisted 
of  a gas-cooled,  graphite-moderateo  reactor  with  a direct 
Brayton-cycle  power  conversion  unit.  An  inert  gas  mixture  was  heated 
in  the  reactor  and  delivered  to  cne  power  conversion  units  through  the 
center  of  a coaxial  piping  arrangement.  Tne  power  conversion  units 
contained  the  turbine-compreasor-alternator  rotating  unit,  a 
recuperator,  a gas  management  system,  an  electric  control  system,  and 
a heat  rejection  system. 

This  concept  accommodated  the  restrictive  and  unique  requirements 
associated  with  space  applications,  including  reliaoility, 
performance,  development  risk-  and  cost.  Many  investigators  have 
assessed  the  clnaen  Brayton  cycle  anbd  confirmed  its  inherent 
advantages  for  space  power  applications.  The  brayton  power  conversion 
turbomachinery  nas  growth  potential;  since  system  power  level  is 
approximately  proportional  to  pressure  level,  a single  set  of 


tur bo—cii in«ry  c«n  be  developed  foe  use  over  e wide  range  of  power 
output.  The  NA8A-Ls«is  Aasearco  Center  and  tbe  AiBesearcb 
Nanufecturing  Co.  ita^re  deaonstrated  a cloeed  Brayton  r'irtating  unit 
with  iapresa&ve  lifetiaa  and  reliability.  Altbougn  tbe  concept 
developed  in  tnis  study  utilised  two  parallel  25>kN(e)  Brayton  units# 
additional  units  sised  for  fractional  or  full  systaa  power  could  be 
incorporated  at  relatively  sasll  weight  penalties  to  enbanca  systea 
reliability. 

A gaa-cooled  reactor  is  a natural  neat  source  for  tbe  closed 
Brayton  cycle#  and  tbe  use  of  NBBVA  tecbuology  for  tbis  concept  toot 
advantage  of  tbe  advanced  oevelopwant  status  of  tbis  ligbtweignt# 
bigb-power-density  reactor.  Like  HBBVA#  tbe  reactor  oensisted  of  a 
gas-cooled#  grapnits  ■operated#  epitnersMx  core  with  coated  fuel  beads 
dispersed  in  graphite  elemnts.  While  fuel  eleasnt  fabrication  was 
based  on  NBRVA  technology#  tbe  lower  operating  tvaperature  peraitted 
tbe  use  of  TRISO-design  fuel  beads#  which  enhanced  tbe  retention  of 
fission  products  and  reduced  tbe  potential  level  of  fission  product 
contaainstion  of  ^-be  working  fluid,  in  view  of  tbe  relatively  low 
core  exit  teaperature#  tbe  reactor  incorporated  a not-end  support 
plate  developed  as  an  alternate  core  support  design  to  tbe  in-core 
tie-rods  used  in  MBflVA.  Tbis  was  a significant  design  feature  in 
■iniaising  tbe  sise  of  tbe  core  and  external  shield. 

Tbis  HBKVA-type  reactor  is  sised  by  end-of-iife  criticality 
requireasnts  such  that  tbe  reactor  core  sise  is  essentially  tbe  isas 
for  any  power  rating  less  tnan  600  KH(e).  Therefore  the  systea 
oecoass  particularly  attractive  froa  a woigbt  standpoint  at  higher 
power  ratings. 

Total  weight  of  tne  50-kH(e)  space  application  utiliilng  the 
graphite-aoderawsd#  gas-cooleo  reactor  with  Braytin  powir  conrarsion 
units  was  estiaated  to  be  5#300  lb#  as  given  in  Taile  1.  Tne  Brayton 
pow#r  conversion  coaponent  weights  were  scaled  froa  Aibesearch 
Manufacturing  Coapany  data.  The  radiator  weight  estiaate  was  based  on 
22  ft^/xM  for  a total  radiator  area  of  l#iU0  ft^.  The  radiation 
shield  consisted  of  1,120  lb  of  canned  lithiua  hydride  in  the  fora  of 
a shadow  cone  and  was  sised  for  a lifetiae  neutron  dose  of  10<^^  nvt 
to  protect  an  unaanned  electronic  payload.  A systea  layout  for  a 
rocket  launch  venicle  is  shown  in  Figure  8. 

This  in-house  study  revealed  that  a closed-cycle  Brayton  systea 
using  a gas-CvX>led  reactor  would  nave  a hign  degree  of  coaaonality  in 
technology  and  developaent  for  a variety  of  aissions  and  would  be  a 
feasiole  systea  for  space  power  application.  Toe  study  also  indicated 
that  such  a power  plant  would  be  highly  coapetitive  with  other  types 
of  nuclear  systesu  at  power  levels  as  low  as  100  kW(e)}  even  at  power 
levels  as  low  as  50  kW (e) , this  type  of  nuclear  systea  appeared  to  be 
viable. 
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TABLK  2 Graptait«-ilod«rat<M,  GBs-Oooiad  Space  Fowar  Plant  (50 
kM(a)-50,000  liPPU)  I Maigtit  SJiMary 


Maiqbt 

teactor 

Cora  Including  filler  strips  415 

Baryxiiusi  raflactor  and  latarrl  support  505 

lnl*;t  support  and  raflactor  531 

Kxit  support;  raflactor*  and  stoialding  650 

Prassura  vassal  352 

Actuators  52 


Subtotal  2*545 
Power  Conversion  Systaa 

Turboascbinary  (2  at  25  kW(a))  145 
itecuparators  132 
Radiator  1*100 
Controls  and  start-up  equipaant  SO 
Raaiator  and  reactor  ducts  IS 5 


Subtocal  1*642 

Additional  shielding  1*120 


Total  Wsight  5*307 


SUMMARY  AMD  CONCLUSIONS 

Tna  NKMVA  prograa  dea^natratao  the  feasibility  of  high-powar-dansity * 
gas-coolad  reactors  for  space  applications  and  left  a broad  technology 
legacy  for  future  power  and  propulsion  prograas.  MuBRA  and  IADS  werte 
verifiao  the  tacnnicai  and  operational  viability  of  using  a 
high-taaperatura*  liquid-aatal-cooleo  reactor  for  aanned  aircraft 
propulsion.  The  follow-on  Nuclear  Bi-Brayton  Systea  study  revealed  that 
ar.  aircraft  propulsion  systea  using  a gas-cooleo  reactor  would  have 
attractive  design  and  weight  advantages.  Tne  LHMP  study  established  the 
aerits  of  applying  N£RVA  tecnnology  to  an  integrated  power  systea  in 
order  to  aset  strir.gent  treignt  and  safety  constraint 9.  Finally*  the 
space  electric  power  study*  based  on  gas-cooied  leactor  technology* 
establisheo  the  flexibility  and  overall  superiority  of  nuclear  reactors 
for  space  power  applicatiops  at  levels  as  low  as  100  iuf(e).  Nuaerous 
proprietary  studies  on  I:  weight  gas-cooled  and  ll^uid-aetal  reactor 

power  and  propulsion  systei  . have  been  perforaed  by  Westingho^se  since 
toe  prograas  described  above  were  :.oepLeted  and  have  generally  validated 
these  results. 
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On  the  basis  of  tnis  extensive  participation  in  the  design, 
deveiopawnt,  and  testing  ot  lightweight,  nigh-temp^^cature  reactor  power 
systens,  we  believe  that  (i)  the  feasibility  of  using  gas-cooled  or 
liquia-sMtai-coolea  reactors  for  aerospace  power  and  propulsion 
applications  has  been  firiuiy  established  and  (2)  the  existing  tecnnoiogy 
base  justifies  high  confidence  that  an  aerospace  reactor  development 
program  could  meet  Department  of  Defense  requirements  on  performance, 
cost,  and  schedule  if  the  program  is  initiated  pronqptiy  witn  a firm  and 
clearly  defined  mission. 
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FIGURE  4 Pi-Brayton  (gas-cooled)  nuclear  suh.systein  for  aircraft  propulsion. 
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FIGURE 


5 Schematic  diagram  of  3i-Brayton  aircraft  propulsion  f./stem. 
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ThCHNQbOGICAL  IMPLICATIONS  OF  ^NAP  Ri:.AC'rQR 
POWER  SYSTEM  DEVELOPMENT  FOR  FUTUKE  SPACii: 
NUCLEAR  POWER  SYSTEMS  ACTIVITIES 


R.  V.  Anderson 
RocKweii  International 
Canoga  Park,  Caiitornia  913J4 


ABSTRACT 

Although  the  Space  Transportation  System  otings  a new  era  to  U.S.  space 
technology,  the  United  States  still  lags,  the  Soviet  Union  in  total  space 
launches  pei  year  and  in  the  development  of  nuclear  systems  for  nigher 
electric  powers  in  space.  The  power  levels  for  future  U.S.  military  and 
civilian  spa  missions  are  not  fully  defined  at  this  time;  however, 
power  needs  can  easily  be  projected  to  much  higher  values  than  are 
required  toc'ay.  Nuclear  reactor  systems  are  one  method  of  satisfying 
these  power  needs.  The  development  of  such  systems  m^st  proceed  on  a 
patn  consistent  witn  mission  needs  and  schedules.  .nis  path,  or 
technology  road  map,  starts  from  the  power  system  technology  data  base 
available  today.  Much  of  this  data  case  was  estaoiisneu  during  the  1960s 
and  early  i970s,  when  government  ana  industry  developed  space  nuclear 
reactor  systems  for  steady  stare  power  ana  propulsion.  One  of  the 
largest  development  programs  was  tne  Systems  for  Nuclear  Auxiliary  Power 
(SNAP)  program.  By  tne  early  iy70s,  a technology  oase  naa  evolveu  from 
this  program  at  the  system,  subsystem,  ana  component  levels,  with  many 
implications  on  future  reactor  power  systems,  a review  of  this 
technology  base  nighlignts  tne  nead  for  a power  system  technology  and 
mission  overview  study.  Such  a study  is  currently  being  performed  by 
Rockwell's  Energy  Systems  Group  for  the  Department  of  Energy  and  will 
assess  power  system  capabilities  versus  mission  needs,  considering 
development,  schedule,  and  cost  implications.  The  end  product  of  the 
study  will  be  a technology  road  map  to  guide  reactor  power  system 
development . 


INTRODUCTION 

In  the  19b0s,  with  tne  advent  of  tne  Space  Snuttle,  a new  era  in  U.S. 
space  technology  oegan.  The  Space  Shuttle  is  ultimately  capaoie  of 
lifting  30-t  (tonne)  payloads  into  low  earth  orbits  (Figure  1) . Not  only 
IS  tne  shuttle  a reusable  launch  venicle,  it  is  also  a viaoie  space 
experimental  laboratory.  Using  sortie  missions,  experiments  can 
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be  iauncbea,  carried  out  in  the  environment  o£  space,  and  recovered 
(Figure  2) . Tne  total  space  transportation  system  (SrS)  will 
eventually  encosf>ass  upper  stages  tor  placement  ot  missions  into 
higher  altitude  and  geosynchronous  equatorial  crhits  (Figure  1) . 

However,  in  the  19S0s,  there  also  occurred  a change  in  perspective 
regarding  the  roie  o£  the  United  States  as  mili'^ary  and  technology 
leader  u£  the  world.  Even  with  tne  advancements  in  launch  capability, 
our  chiet  political  competitor,  the  Soviet  Union,  has  "out  launched" 
the  United  States:  8U  launches  versus  12  in  the  tirst  10  months  o£ 

1982.  0£  the  Soviet  Union's  88  launches,  71  were  £or  military 

purposes,  compared  to  only  3 of  the  United  States'  12  launches. 

On  the  other  nand,  the  U.S.  leadership  in  military  technology 
became  apparent  during  the  Lebanon  war  of  1962.  This  war  focused  on 
Western  war-fighting  technology  and  demonstrated  the  superiority  of 
this  technology  over  that  supplied  by  the  Soviet  Union  to  its  allies. 
Tne  conclusion  is  that  USSK  capabilities  tend  to  exceed  U.S. 
capabilities  in  quanti.y  but  not  in  quality. 

One  technology  area  in  which  the  Soviet  Union  has  oeen  successful 
in  both  quantity  and  quality  is  the  development  of  space  nuclear 
reactor  power  systems.  Seventeen  years  ago,  the  United  States 
launched  a single  space  reactor  power  system  called  the  SNAP-lOA 
(Figure  4} . This  system,  launcned  in  a spacecraft  called  SNAPSHOT  in 
1965,  was  a flight  qualification  system  developed  for  the  Atomic 
Energy  Commission  and  the  Air  Force  at  Atomics  International  (now  a 
division  of  Rockwell's  Energy  Systems  Group).  It  is  interesting  to 
note  that  the  original  USSR  space  reactor  power  system,  called 
"ROMASHKA,"  was  a derivative  of  a very  early  static  SNAP-10  concept 
(Figure  5)  . Since  the  SNAPSHOT  launch  in  19b5,  the  Soviet  Union  has 
improved  the  quality  of  its  space  nuclear  reactor  power  capabilities 
through  a tnermionic  system  called  "TOPAZ."  A derivative  of  the 
ROMASHKA  and  TOPAZ  systeras  provides  power  for  its  radar  ocean 
reconnaissance  satellites  (RORSATs)  (Figure  6) . Approximately  20 
RORSATs  have  been  launched  ty  the  Soviet  Union,  with  four  launches  in 
the  first  lu  months  of  i982.  Althougn  cne  RORSAT  nuclear  power  system 
is  neither  high  powered  nor  long  lived,  the  Soviet  Union's  use  of 
reactors  exemplifies  its  oelief  that  power  requirements  for  space  will 
increase  over  time. 

For  the  United  Stares,  rhese  increasing  power  requiremenrs  will 
come  from  military  missions  (surveillance  and  war-fighting)  and  also 
from  civilian  missions  (scientific  and  large  commercial) . The  real 
power  system  needs  for  these  missions  can  only  be  estimated  at  this 
time.  To  assess  these  needs,  two  parameters  in  addition  to  power  must 
be  evaluated:  tne  duration  of  the  power  ana  tne  mass  of  the  system 

providing  the  power.  The  product  of  the  power  and  its  duration  is  the 
energy  output  of  the  system,  and  both  the  power  and  the  energy  affect 
the  system  mass.  The  mass  in  turn  affects  the  total  launch 
requirements  tor  the  mission.  For  che  types  of  missions  being 
discussed  by  military  and  civilian  planners  today,  ranges  in  power, 
power  duration,  and  power  system  mass  can  be  defined  ana 
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interrelateu.  Power  requirements  range  over  4 decades,  from  kW(e)  to 
100  MM(e}.  Power  duration  requirements  range  over  b decades,  from 
seconds  of  semicontinuous  power  for  directed  energy  applications  to 
near  100,000  hours  for  long-iived,  steady  state  applications.  System 
mass  requirements  range  over  i decades,  from  hundreds  of  kilograms  to 
tens  of  tnousands  of  kilograms.  When  plotted  in  a three-dimensionai 
log-log-log  coordinate  system,  the  interrelation  of  these  three 
parameters  defines  a "requirements  space"  (Figure  7} . When  examining 
this  space,  the  difference  oetween  steady  state  and  semicontinuous 
needs  becomes  apparent,  what  does  not  oecome  apparent  is  the  level  of 
power  system  tecnnoiogy  necessary  to  meet  the  real  needs  of  military 
and  civilian  applications.  Tne  scnedules  and  budgets  required  to 
develop  power  systems  tnat  are  time  compatible  witn  missions  must  be 
factored  into  a plan  for  development- -a  technology  road  map.  Tne  road 
map  for  power  systems  must  begin  witn  the  ccmplete  nuclear  power 
system  technology  base  tnat  exists  in  the  United  States  today. 


background 

Tne  u.S.  development  of  a steady  state  space  nuclear  reactor  power 
system  technology  oase  began  in  the  early  1950s.  Reactor  systems  were 
code  named  with  even-numbered  "SNAP"  designators  and  were  initially 
considered  with  power  capabilities  from  nundreds  of  watts  to 
multikiiowdtts.  The  principal  SNAP  reactor  power  systems  were  SNAP-2, 
SNAP-S,  SNAP-lOA,  SNAP-50,  and  tne  SNAP  follow-on  concepts  (Figure 
8) . All  the  numerically  designated  systems  were  designed  for  a i-year 
power  duration,  witn  power  capaoilities  ranging  from  0.5  to  350 
kW(e).  The  follow-on  system  concepts  were  aimed  at  2-  to  7-year  lives 
with  power  capabilities  up  to  75  kW(e).  Tne  SNAP-2,  -8,  -lOA,  and 
follow-on  systems  were  oasea  on  a thermal  reactcr  using 
uranium-zirconium  hydride  fuel.  Tne  SNAP-50  was  based  on  a fast 
reactor  using  uraniuiii  nitride  fuel. 

The  hardware  pnase  of  tne  SNAP  program  occurred  in  the  1960s  and 
centered  around  tne  SNAP-2,  -8,  -iUA,  and  -50  systems.  Separate 
reactor  and  power  conversion  subsystem  development  and  testing  were 
performed  for  the  SNAP-2  und  -8  systems.  Tne  SNAP-lOA  system  included 
reactor  development,  power  conversion  suosystem  development,  and  fully 
operational  system  testing  on  the  ground  and  in  space.  Tne  SNaP-50 
progiam  included  component  development  testing  and  did  not  proceea 
through  reactor  or  sys.^m  rabrication  and  testing.  Tne  SNAP  folxow-on 
concepts  were  onentea  at  technology  improvement,  and  their 

data  base  was  urawn  largely  from  the  SNAP-2,  -8,  anvi  -iOA  otograms. 

The  .najor  hardware  Jinlestones  in  tne  SNAP  program  included  the 
SNAP-iOA  ground  test  and  tiignt  Loses  in  1965  and  the  SNAP-8  reactor 
derooni’tration  tes/.s  in  tne  I9b0s  (Figure  9)  . 

Patafieiing  this  nardwaee  phase  was  tne  /lerospace  Nuclear  Safety 
Program  (Figure  ‘i)  . Approximately  $50  million  (19b0s  dollars)  was 
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spent  in  this  p£09rais  alons  to  verify  the  safety  of  nuclear  reactor 
systenn  before  launch,  during  launch,  in  space,  and  upon  reentry. 

Early  in  the  1970s,  system  concepting  and  subsysten  improvement 
activities  were  under  way.  These  activities  included  the  design  of 
various  reactor  power  systems,  such  as  the  5-kH(e)  reactor 
thermoelectric  system  and  the  75-*kW(e)  reactor  turboelectric  system 
(Figure  9) . At  the  end  of  this  iiQ>rovement  phase,  the 
uraniuai-zirconium  hydride  reactor  system  technology  base  was  well  on 
its  way  to  providing  a 25-kW(e)  system  with  a 5-year  life.  Over  the 
range  of  powers  oeing  considered  at  that  tiiae,  specific  powers  of  6-30 
W/kg  were  projected.  These  systems  had  longer  lifetimes  and  specific 
energy  capabilities  of  30-210  W-yr/kg.  The  uranium  nitride  reactor 
system  technology  b^se  was  oriented  to  much  higher  powers,  with 
SNAP-50  type  systems  offering  large  increases  in  specific  power  and 
energy. 

The  SNAP  program  was  terminated  in  the  late  1970s.  At  that  time, 
several  hundred  million  dollars  had  been  invested  in  the  technology 
base,  with  over  $200  million  of  this  investment  at  Atomics 
International. 


SYSTEM,  SUBSYSTEM,  AND  COMPONENT  IMPLICATIONS 

The  technology  oase  that  was  most  conqpletely  demonstrated  and 
supported  by  test  resulted  from  the  SNAP-lOA  and  -6  programs.  This 
base  was  also  used  in  the  SNAP  follow-on  programs.  Another  technology 
base  was  established  by  the  hrgher-power,  higher-temperature  llNAP-50 
program. 

The  SNAP-lOA,  -8,  ar.:  '"oilow-on  programs  cousidered  various  types 
of  power  conversion,  b..i  reactor  and  shielding  concepts  were 
similar  for  all  systems.  The  reactors  were  thermal,  based  on 
uranium-zirconium  hydride  fuel.  The  hydrogen  moderator  was 
intrinsically  bound  in  the  fuel  matrix  to  minimize  fuel  inventory  and 
maximize  r»^ctor  safety.  Fuel  composition  for  ail  reactors  was 
generally  the  same,  using  10  wt%  (weight  percent)  i^lly  enriched 
uranium  and  90  wt%  zirconium.  The  fuel  was  hyririded  to  6 x lO^'^ 
nydroaen  atoms/cm3,  or  about  the  same  hydrogen  aensity  as  water. 

The  reaccors  were  cooled  with  a liquid-metal  eutectic,  NaK-7Q  (7s  wt% 
potassium)  . Reactor  neutron  shielding  ustr^d  lithium  ^yoride  (LiU)  in  a 
stainless  steel  containment  vessel.  Gaouaa  shielding,  when  employed, 
used  neavy  metals. 

The  SNAP-lOA  system,  launchud  on  April  3,  1965,  was  designated 
Flight  System  4 (Figure  10) . The  total  spacecraft  was  called  SNAPSHOT 
and  included  the  Agena  vehicle  with  primary  and  seconda''^'  payloads. 

The  SNAPSHOT  spacecraft  was  launched  into  a 1,300-kir  (700-n.  mi. 
(nautical  mile))  orbit  wich  approximately  a 3,300-year  orbit  li/e. 

The  SHAP-lOA  reactor  power  system  initially  produced  580  W(e)  in 
orbit.  SNAP-lOA  was  designed  to  oe  actively  centrolied  only  at  t'  t 
beginning  of  its  life?  aftei  Lfc  reactor  was  stabilized,  electric 
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power  drilted  aown  witn  time.  SNAP-iOA  pecfornance  in  space  tracked 
tne  performance  or  tne  ground  test  system  (Fiignt  System  3,  see 
below) . At  tne  torty-third  day  of  rn-space  operation,  following  orbit 
553,  teiP’^^’Ty  from  tne  SNAPSHOT  spacecraft  was  lost.  It  was  later 
determinea  tnat  thermal  overstresssing  of  the  Agena  voltage  regulator 
caused  an  erroneous  shutdown  command  to  the  reactor's  permanent 
shutdown  device. 

The  SNAP-lUA  system  had  a single  NaK  loop  and  employed 
silicon-germanium  thermoelectric  elements  (Figure  11).  The  reactor 
coolant  outlet  temperature  was  833  K (i040^F) . The  unshielded 
reactor  mass  per  unit  thermal  energy  was  ^,650  kg/MW(t)-yr.  The 
overall  system  hau  a specific  power  of  1.3  W/kg,  Because  the  system 
was  designea  for  a 1-year  life,  the  specific  energy  was  equal  to  the 
specific  power. 

SNAP-lUA  Flight  System  3 was  tested  on  the  ground  in  vacuum  rot 
10,000  hours  at  power  and  teiqperature  (Figure  12).  The  ground  test 
was  initiateu  prior  to  Flight  System  4 launch  so  that  flight 
performance  could  oe  tracked  against  ground  performance.  The  ground 
test  system  operated  at  the  same  reactor  outlet  temperature  and 
average  radiator  temperature  as  tne  flight  test  system.  The  effective 
higher  sink  temperature  of  the  ground  facility  versus  that  of  >;he 
space  facility  resulted  ir  lower  power  output  from  the  ground  test 
system. 

Because  of  the  concerns  of  launching  a reactor  system  into  space,  a 
significant  safety  program  supported  the  SNAPSHOT  launch  (Figure  13) . 
Tnis  program  was  called  the  Aerospace  Nuclear  Safety  Program  and 
supported  reactor  ai^d  radioisotope  system  development  activities. 

Both  safety  analysis  and  testing  were  performed  for  the  SNAPSHOT 
launch.  In  the  Reentry  Flight  L*eraonstration  Test,  a full-scale 
nonfuelect  and  noaiadioactive  replica  of  tne  SNAP-lOA  reactor  was 
launched  and  subjected  to  a suborbitai  flight  path.  This  test 
demonstrated  beryllium  reflector  separation  from  the  reactor  vessel 
and  also  supported  tneoretical  modeling  in  areas  such  as  aerodynamic 
heating  and  reactor  disassembly. 

A highlight  of  the  safety  program  was  a series  of  reactor  ransient 
tests  called  tne  SNAPTRAN  experiments.  These  experiments  were  used  to 
measure  the  response  to  rapid  reactivity  insertions  and  core  water 
flooding.  SNAPTRAN-3  was  specifically  conducted  to  characterize  the 
SNAP-lUA  reactor  in  the  water-flooding  event  chat  could  tollow  a 
launch  abort  itigure  14) . In  tnis  expel  nent,  a SNAP-lOA  core  was 
located  in  a water-filled  ejivironinental  chamf  r.  The  core  was 
surrounded  by  a poisoned  and  voided  sleeve.  The  sleeve  was 
pyrotechn icai iy  removed  and  the  reactor  was  descructed.  The  expansion 
of  tne  weii-instrumented  core  was  followed  by  three  nigh-speed 
cameras,  and  the  data  collected  were  used  to  determine  coefficients  of 
reactivity  versus  volume  expansion.  Experimental  data  also  verified 
tnat  tne  reactivity  temperature  coefficient  was  -0.4fi/°C  prior  to 
the  initiation  of  core  expansion.  The  SNAPiRAN-3  experiment  further 
demonstrated  that  fuel  element  disintegration  was  caused  by  the 
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yeneratio.i  of  hydrogen  overpressure.  The  one  intact,  fuel  element  tron 
the  experiment  snowed  that  this  hydrogen  evolution  was  nonuniform 
aoout  tne  cross  section  of  the  fuel  (Figure  14) . A very  positive 
outcome  of  tiie  experiment  was  confirmation  tnat  a high  fraction  of  the 
fission  products  were  retained  in  the  fuel  element. 

The  SNAP-8  program  was  directed  at  a 60U-l(W(t)  reactor  with  a 978  K 
(iiOU^^r)  coolant  outlet  temperature.  The  reactor  was  to  he  used 
with  higher-electric-power  mercury  Rankine  turhoelectric  power 
conversion  subsystems.  Two  complete  reactors  were  tested  in  this 
program:  the  SNAP-8  Experimental  Reactor  (S8ER)  ana  the  SNAP-8 

Developmental  Reactor  (S8DR) . 

The  SRER  was  tested  in  an  inerted  containment  vessel  for  12,000 
hours  and  operated  for  i year  at  power  and  tenqperature  (Figure  15) . 

The  reactor  employed  nonf light-type  hardware,  and  the  test  did  not 
incorporate  flight-type  neutron  or  gamma  shields.  The  technology  of 
tne  S8fiR  was  improved  by  over  a factor  of  6 compared  with  that  of 
SNAP-lOA;  i.e.,  for  a given  unshielded  reactor  mass,  S8£R  could 
deliver  over  b times  the  energy  (420  kg/MW(t) -yr) . 

The  S8DR  was  ground  tested  for  7,000  hours  at  powers  from  600  to 
1,000  kW(t)  (Figure  16).  Testing  was  performed  in  vacuum  using 
flight-type  reactor  components  and  a flight-type  neutron  shield.  Tne 
actuators  were  biaireccional,  and  the  reflectors  incorporated  a 
separate  ground  test  scram  mechanism.  The  S8DR  has  an  unshielded 
reactor  mass  per  unit  energy  of  450  kg/MW(t)-yr,  a value  slightly 
higher  than  that  for  the  S8ER. 

In  eacn  SNAP-8  reaccor  posttest  excuninacicn,  fuel  cladding  cracks 
were  found.  Destructive  examination,  experimentation,  and  theoretical 
analysis  confirmed  that  the  cracks  resulted  from  excessive  fuel 
swelling.  After  the  fuel  swelling  phenomenon  had  been  characterized, 
a temperature  limit  of  922  K (1200‘^F)  was  established  for  the  outlet 
temperatures  of  follow-on  uranium-zirconium  hydride  reactor  designs. 

Tne  SNAP-8  reactors  were  designed  and  tested  for  use  with  mercury 
Rankine  turboelectric  power  conversion  subsystems.  The  total  SNAP-8 
system  was  intended  to  generate  JO-bU  kW(e)  (nominal  50  kW(e))  at 
reactor  powers  of  300-600  kW(t) . Tne  mercury  Rankine  power  conversion 
subsystem  was  being  developed  by  the  Aerojet  Corporation  under  the 
direction  of  tne  NASA-Lewis  Research  Center  (NASA-LRC)  . NASA-LP.C  was 
also  investigating  the  gas  Brayton  power  conversion  suosystem  for  this 
application.  On  the  basis  of  developiaent  test  results  for  the  mercury 
Rankine  unit,  the  SNAP-8  system  efficiency  was  projected  to  be  10 
percent  (24  oercent  of  Carnot  efficiency) . The  total  system  specific 
power  was  projected  in  the  7-  to  IO-W/kj  range. 

The  SNAP-8  technology  base  was  then  used  in  the  design  of.  several 
SNAP  follow-on  reactor  system  concepts  (Figure  17).  The  reactor 
designs  were  based  on  SNAP-8  data  and  ranged  in  power  from  100  to  600 
kW(t).  Tne  unshie.lded  mass  par  unit  energy  of  the  reactors  remained 
in  tne  range  from  400  to  450  kg/MW(t)-yr  Tne  reactors  and  power 
systeius  were  designed  for  xonger  lives,  in  the  2-  to  7-year  range. 

The  systems  incoiporated  various  thermoelectric  and  turboelectric 
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(Brayton  and  Kankine)  power  conversion  subsystems.  Tot<4l  system 
specxfrc  powers  were  projected  at  b— iO  depending  on  the  absolute 

power  level.  Total  system  specific  energies  were  projected  at  JO-210 
W-yr/kg . 

The  time  frame  during  which  the  SNAP  follow-cn  systems  were  being 
conceived  was  also  tne  time  frame  for  subsystem  technology  improvement 
activities.  These  activities  were  perforraoc  during  tne  early  197Cs 
and  resulted  in  some  ewpansion  of  the  SNAP  data  base.  This  data  base 
is  discussed  below  for  the  reactor,  shielding,  primary  heat  transport, 
and  power  conversion  and  processing  suosystems. 

The  data  base  for  the  uranium-zirconium  nyd^ride  reacti>r  subsyscem 
is  cased  on  over  41,000  total  hours  of  reactor  testing  (Figure  18) . 
During  chis  testing,  peak  fuel  linear  power  densities  of  11.3  kW(t)/m 
were  obtained,  as  were  peak  cladding  temperatures  of  1015  K 
(1370°?)  . As  mentioned  earlier,  the  testing  resulted  in  an  mposea 
limit  of  922  K (ilOCPF)  on  the  U-ZrH  reactor  coolant  outlet 
temperature,  with  a limit  of  3.3  kW(t)/m  on  average  linear  power 
density.  Reflectors,  reflector  materials,  vessel  materials,  coolant 
headers,  vessel  structure,  high-temperature  bearings,  and 
hign-temperature  control  actuators  were  also  demonstrated  and  are  part 
of  tne  reactor  subsystem  data  case.  Of  considerable  in^xjrtance  is  the 
status  of  control  actuators.  Sixty-seven  actuators  were  tested  for  a 
total  of  264,000  nours.  A single  actuator  was  tested  for  26,600  hours 
at  a temperature  of  880  K (1125*^^)  . Otner  actuators  were  tested  in 
reactor  environments  at  temperatures  of  644  K (7U0^F).  An  important 
implication  of  this  actuator  testing  is  tne  temperature  and 
fast-neutron  dosage  capabilities  of  these  units.  Higher  temperatures 
and  dosages  will  require  new  materials  and  insulators,  with  resultant 
actuator  development  and  qualification. 

The  shielding  subsystem  data  base  results  from  13  neutron  shields 
being  tested  for  19,000  nours  (Figure  19).  In  ail  cases,  the  neutron 
shielding  material  was  lithium  hydride.  This  is  the  consensus 
material  for  neutron  snieiding  oecause  it  nas  an  extremely  nigh 
macroscopic  neutron  removal  cross  section  per  unit  density  (0.15 
cm<^/g)  . Tne  equivalent  value  for  water  is  only  C.iO  cm^/g . 

Lithium  hydride  is  a fabricable  .nateriai,  and  Atomics  International 
cast  shields  up  to  a diaioeter  of  i.B  m (6  ft).  The  rar  301  limitation 
on  lithium  hydride  as  a shielding  material  is  its  operating 
temperature.  LiH  melts  at  959  K (i266°F) , and  although  molten 
lithium  hydride  could  oe  used  at  ten$>etatures  slightly  above  the 
melting  pcint,  it  is  apparent  tnac  very  nigh  temperature  reactor 
systems  will  require  active  shield  cooling  or  vntner  shielding 
materials.  Either  solution  will  require  development. 

The  primary  heat  transport  subsystem  data  base  encompasses  piping, 
i Icuid-metai,  electromagnetic  pump,  and  coolant  volume  compensator 
technologies  (Figure  20).  In  the  SNAP  program,  58  electromagnetic 
pumps  were  tested  for  212,000  total  hours,  wirn  a single  pump 
operating  successfully  for  42,000  nours.  These  pumps  operated  at 
temperatures  up  to  920  K (1200°^) , Volume  compensators  we.  e also 
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succRS&tuiiy  demonstrated  in  the  SNAP  program.  These  components  used 
metaiixc  bellows  to  accomicociate  the  dil’lerentiai  vuiume  expansion 
between  tne  iiquid-roetai  coolant  and  the  piping.  The  volume 
compensators  also  proviaed  prersurization  lor  tne  liguid-metal 
coolant.  While  maintaining  it  void  free.  Fifty  volume  compensators 
were  tested  at  elevated  temperatures  for  over  100,000  total  hours. 

The  SN<iP-10A  ground  system  con^ensator  accumulated  10,000  test  hours. 

Tne  power  conversion  and  processing  subsystem  data  base  includes 
technologies  for  thermoelectric  and  turboeiectr ic  power  conversion 
{Figure  z\) . Although  the  SNAP-lOA  system  used  silicon-germanium 
the rmoelec tries,  development  efforts  were  also  focused  on  lead 
telluride  (PoTe)  because  of  its  higher  potential  figure  of  merit,  Z 
(equals  material  Seebeck  coefficient  squared  divided  by  electrical 
resistivity  and  tnermal  conductivity) . Lead  telluride  compact  tuoular 
tnermoeiectr ic  converters  wer>  designed  by  Westinghouse  Astronuclear 
Laboratory  and  tested  by  noth  Westinghouse  ana  Atomics  international. 
Two  hundred  and  twenty  units  were  tested  for  720,000  hours,  with  a 
single  unit  operating  for  42,^00  hours.  A figure  of  merit  of  0.8  x 
10~3k-1  was  demonstrated  for  these  converters,  i.e.  , an  efficiency 
of  5 percent  at  a hot  clad  temperature  of  858  K (l085°F)  and  a cold 
clad  temperature  of  5J7  K (507°/F) , the  required  system 
tenperatures.  The  turboelectric  subsystems  included  the  mercury 
Rankine  units  for  SNAP-2  ana  -8  that  were  developed  by  TRW  and 
Aero]et,  respectively.  A mercury  Hanxine  subsystem  was  tested  in  a 
full-up  SNAP-2  reactor  power  system  configuration  u mg  an 
electrically  simulated  reactor.  Thirty  thousand  hours  of  test 
experience  were  demonstrated  on  the  mercury  Rankine  units  with  a 
5,000- lour  single-duration  test. 

In  reviewing  tne  reactor  power  system  teennoiogy  uata  case  that 
evolved  from  tne  SNAP  program,  tne  question  may  be  asked,  "Wbac  does 
it  ...ean  today?"  Over  tne  past  10  years,  no  further  activities  were 
performed  on  tnese  compact  reactor  systems.  However,  in  support  of 
the  radioisotope  thermoelectric  generator  (RTG)  programs,  development 
activities  did  proceed  witn  siiicon-gerinaniura  thermoelectric  power 
conver;  ion. 

An  interesting  perspective  can  be  gained  oy  "concept] ng"  a 
sivAP-type  reactor  power  system  using  a SNAP-evolved  U-Zrh  reactor  with 
current  s il icon-germaniur’.  thermoelectric:  capabilities  (Figure  22).  To 
be  consistent  with  curre?.tiy  envisioned  mission  requiraroents,  a power 
system  lire  of  7 years  used.  As  the  design  electrical  power  level 
of  tnis  system  concept  ;.a  increased,  the  specific  power  and  specific 
enu-rgy  capaoiiities  of  the  system  increase  aramaticaily.  Although 
SNAP-iGA  exnibitea  a specific  power  and  energy  of  only  i i W/kg,  a 
SNAP-evoived  d&civative  system  witn  a lOG-kW(e)  capability  exnibits  a 
specific  power  of  ii  , xg  and  specific  energy  of  80  W-yr/ky.  Such 
large  iinproveifients  are  due  to  tne  economy  of  size,  to  *acreased 
reactor  rxiiant  temperature  (from  833  to  922  K) , and  to  improved 
thermoeiectr xc  converter  efficiency.  This  system  concept  would  stiii 
be  very  ' ^^rye  anJ  heavy  in  hign-power  ranges.  The  important 


conclusion  is  the  dramatic  system-level  effect  of  p'^wer  on  the  mass  of 
such  a .system. 

A further  perspective  into  tnis  etrect  can  be  gained  by  looking  at 
the  same  type  of  SNAP-evolved  power  system  concept,  but  one  utilizing 
improved  thermoelectr ics  (Figure  23) . These  improved  thermoeiectrics 
have  a figure  of  merit  of  i.O  x and  have  been  proposed  a~> 

a reasonable  technology  improvement.  The  specific  power  achievable  by 
such  a system  concept  at  100  kw  (e)  is  15  W/kg.  The  specific  energy 
achievable  at  this  power  is  over  100  W-yr/kg. 

A review  and  an  evaluation  of  the  technology  data  base  established 
by  the  Pratt  and  Whitney  SNAP-50  reactor  turiDoeiectr ic  system  provide 
a similarly  dramatic  demonstration  of  the  system-level  effect  of  power 
on  mass.  SNAP-50  was  being  configured  for  power  levels  of  300-1000 
kw(e),  Tne  system  employed  a fast  uranium  nitride  reactor,  operating 
at  a lithium  coolant  teinperature  of  1367  K (2000°F;.  The  reactor 
was  projected  to  nave  an  unshielded  mass  pe;  unit  energy  of  730 
kg/MW(t)-yr.  Tr.e  projected  system  conversion  efficiency  was  i4 
percent  using  a potassium  Rankine  turboeiectr ic  power  conversion 
subsystem.  SNAP-50  was  being  designed  for  a i-year  life  and  was 
projecteo  to  have  an  unshielded  specific  power  in  the  range  of  iOO-200 
W/kg . 

Tne  key  conclusion  from  this  review  ana  evaluation  of  the  SNAP 
tecnnology  aata  base  is  that  an  "order-of-magnmude"  power  system 
technology  improvement  is  not  required  to  meet  the  specific  power  and 
specific  energy  goais  envisioned  for  .uture  space  missions.  These 
goals  are  currently  in  the  ranges  of  40-50  W/kg  and  250-350  W-yr/kg. 
iixtrapoiatiops  of  all  types  of  past  ."system  tecnnologies  demonstrate 
that  these  goals  seem  reasonable  witn  newer,  more  advanced 
technologies,  it  is  only  necessary  to  determine  the  level  of 
technology  advancement  necessary  to  meet  real  mission  needs 


MISSION  CONSIDEt<ATIONS 

Reactor  power  systems  nave  always  been  directed  at  next-generation, 
far-term  missions.  In  the  eaily  1960s,  reactor-powered  space  station 
concepts  were  being  stuaied  (Figure  14) . As  power  system  concepts  and 
missions  evoivea,  tne  1970s  envisioned  reacto^ -powe..ed  lunar  and  space 
stations  (Figure  25) . In  the  1960s,  tne  Galileo  mission  to  explore 
Jupiter  IS  being  planned  (Figure  26) . 

Today,  tne  most  important  activity  for  the  space  nuclear  power 
community  is  determining  if  any  mission  requires  a reactor  power 
system.  As  a starting  point  in  the  searen  for  a mission,  we  can  note 
the  Soviet  Union's  use  of  reactor  power  for  R0R6AT.  Furveiliance  is  a 
potential  mission  with  a potential  near-term  need.  A poesioie 
technology  fer  t..is  mission  ..s  tne  synthetic  apert'ire  radai,  wnich  had 
Its  initial  demonstration  in  tne  snuttie  imaging  radar  (SIR-A) 
expt. iinent . SIK-a  was  ouiit  oy  the  Jet  Propulsion  Laboratory  as  part 
O'  tne  OSTA-i  (Office  of  Space  ana  Terrestrial  Applications) 


experimental  package  (Figure  27)  . Slii-A  operatea  at  an  oiLitude  ol 
260  km  (140  n.  mi.).  Interesting  views  irora  t>lR-A  include  an  oil 
slick  near  Venezuela  (Figure  28) , oil  derricks  near  Abu  Dhabi  in  the 
Persian  Guli  (Figure  28) , and  rreeways  in  the  Los  Angeles  basin 
(Figure  dO) . SIP-A  required  a power  of  only  I kW(e) . It  does 
take  much  imagination  to  envision  the  capaDilities  of  a near-term 
radar  system  having  20  or  30  kW(e)  of  power. 

A raaar  surveillance  system  is  cniy  one  potential  mission.  It 
aoes,  however  illustrate  one  truism — mission  power  needs  will  increase 
with  time,  and  power  system  capabilities  must  follow  those  needs.  As 
the  power  needs  continue  to  increase,  tne  necessity  for  reactor  power 
systems  will  i..ciaase.  Looking  aga..n  at  the  mission  "requirements 
space"  (from  Figure  7)  with  a time  variable  imposed,  one  can  see  a 
possible  progression  of  power  system  capahiiities  over  time  (Figure 
31) . This  Lime  dependence  is  diiferent  for  steady  state  and 
semicontinuous  missions.  In  the  late  1980s,  there  could  ue  near-term 
missions,  a.nd  only  certain  power  system  technologies  may  be  capable  of 
meeting  near-term  mission  needs.  In  the  early  19903  and  mid-1990s, 
there  could  oe  midterm  and  far-term  missions.  Midterm  and  tar-term 
reactor  power  systems  will  be  available  to  meet  midterm  and  far-cerm 
mission  needs  only  if  proper  planning  is  performed  now,  Th'S  planning 
is  the  tecnnology  road  map  t.iat  fits  tin.e-phased  mission  needs  to 
realistically  achievaole  power  systems. 


TlCHNOLOGV -MISSION  OVERVIEW 

Tie  determination  of  suen  a tecnnology  road  map  was  recoiiimended  to  the 
Department  of  E.cergy  by  PvCckweii  international.  The  jinecgy  systems 
Group  of  Rockwell  International  is  currently  performing  a 
♦■echnology-mission  overview  study  to  determine  this  road  map  for  the 
Department  of  Energy.  Toe  study  uses  a "oottoia-up"  approach  to  assess 
;jower  system  capaoilities  and  ties  these  capabii’ties  to  vaiidatea 
mission  needs  generated  oy  the  Department  of  Defense  and  the  National 
rteronautics  and  Space  Administration  (Figure  32) . 

An  important  feature  of  tne  study  is  technology  assessment.  In  the 
"bottom-up"  study  approach,  reactor  power  system  technologies  aie 
first  assessed  at  tne  subsystem  level.  Five  subsystems  are  define^ 
tor  this  assess'fifefit  (Figure  33)  . For  each  subsystem,  curref>t 
technologies  are  assesed,  as  arc  the  future  capabilities  of  improved 
technologies  lor  niiateriu  neec^-'  ano  advanced  teciino ^oa les  tor  far-term 
needs.  Of  prime  importance  is  the  cocsideration  or  deveiopmen’"  time 
and  development  cost  ,.cr  each  improved  or  advanced  technology.  When 
compier.e,  the  technology  assessment  provides  tin:e~couipatiole  builoing 
blocks,  (i.e.,  subsystems  whose  development  can  be  achieved  lu  t»ie 
same  time  frame.  Tnese  ouiJding  blocks  are  cnen  used  to  generate 
systems  whose  scheduiar  jvaiiabiiity  can  be  tome  ptiased  by  near-t  -.on, 
iriiAterra,  ana  far-term  initial  operating  capability  ncXT'  . 
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FIGURE  10  Thermionic  cell 
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R.  V.  Anderson 
RocKweii  International 
Canoga  Park,  Caiirornia  91304 


ABSTRACT 

Although  the  Space  Trahsportation  System  Drings  a new  eta  to  U.S.  space 
technology,  the  United  States  still  lags,  the  Soviet  Union  in  total  space 
launches  per  year  and  in  the  development  of  nuclear  systems  for  nigher 
electric  powers  in  space.  The  power  levels  for  future  U.S.  military  and 
civilian  spa  ' missions  are  not  fully  defined  at  this  time;  however, 
power  needs  can  easily  be  projected  to  much  higher  values  than  are 
required  to  lay.  Nuclear  reactor  systems  are  one  method  of  satisfying 
these  power  needs.  The  development  of  such  systems  tust  proceed  on  a 
path  consistent  with  mission  needs  and  schedules.  This  path,  or 
technology  road  map,  starts  from  tne  power  system  technology  data  base 
available  today.  Mucn  of  this  data  case  was  estaoiisneu  during  the  1960s 
and  early  1970s,  when  government  anu  industry  developed  space  nuclear 
reactor  systems  for  steady  state  power  ana  propulsion.  One  of  the 
largest  development  programs  was  tne  bystems  for  Nuclear  Auxiliary  Power 
(SNAP)  program,  by  tne  early  1970s,  a tecnnology  oase  had  evolveu  from 
this  program  at  the  system,  subsystem,  ana  component  levels,  with  many 
implications  on  future  reactor  power  systems,  h review  of  this 
tecnnoJogy  base  nighlignts  the  need  for  a power  system  technology  and 
mission  overview  study.  Such  a study  is  currently  being  performed  by 
Rockwell's  Energy  Systems  Group  for  the  department  of  Energy  and  will 
assess  power  system  capabilities  versus  mission  needs,  considering 
development,  schedule,  ana  cost  implications.  The  end  product  of  the 
study  will  be  a tecnnology  road  map  to  guide  reactor  power  system 
development. 


INTRODUCTION 

In  t^'z  x9bUs,  with  the  advent  of  tne  Space  Snuttle,  a new  era  in  U.S. 
apace  technology  began.  The  Space  Shuttle  is  ultimately  capable  of 
lifting  30-t  (tonne)  payloads  into  low  earth  orbits  (Figure  1) . Not  only 
IS  tne  shuttle  a reusable  launch  venicle,  it  is  also  a viaule  space 
experimental  laboratory.  Using  sortie  missions,  experiments  can 
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be  launcnea,  care  led  out  in  the  environaent  of  s(>ace,  and  recovered 
(Figure  2) . Tne  total  space  transportation  systea  (Urs)  will 
eventually  encosiwss  upper  stages  for  placeaent  of  aissions  into 
higher  altitude  and  geosynchronous  equatorial  orbits  (Figure  i) . 

However,  in  the  1980s,  there  also  occurred  a change  in  perspective 
regarding  the  roie  of  the  United  States  as  ailicary  and  technology 
leader  of  the  world.  Even  with  tne  advanceaents  in  launch  capability, 
our  chief  political  competitor,  the  Soviet  Union,  has  "out  launched" 
the  United  States:  88  launches  versus  12  in  the  first  10  months  of 

1982.  Of  the  Soviet  Union's  88  launches,  71  were  for  military 
purposes,  compared  to  only  3 of  the  United  States'  12  launches. 

On  the  other  nand,  tne  U.S.  leadership  in  military  technology 
became  apparent  during  the  Lebanon  war  of  1982.  This  war  focused  on 
Western  war-fighting  tecnnology  anu  demonstrated  the  superiority  of 
this  technology  over  that  supplied  by  the  Soviet  Union  to  its  allies. 
Tne  conclusion  is  that  USSK  capabilities  tend  to  exceed  U.S. 
capabilities  in  quantity  but  not  in  quality. 

One  technology  area  in  which  the  Soviet  Union  has  oeen  successful 
in  both  quantity  and  quality  is  the  development  of  space  nuclear 
reactor  power  systems.  Seventeen  years  ago,  the  United  States 
launched  a single  space  reactor  power  system  called  the  SNAP-lOA 
(Figure  4) . This  system,  launened  in  a spacecraft  called  SNAPSHOT  in 
1965,  was  a flight  qualification  system  developed  for  the  Atomic 
Energy  Commission  and  the  Air  Force  at  Atomics  International  (now  a 
aivision  of  Rockwell's  Energy  Systems  Group).  It  is  interesting  to 
note  that  the  o.'iginal  USSR  space  reactor  power  system,  called 
"ROMASHKA,"  was  a derivative  of  a very  early  static  SNAP-10  concept 
(Figure  5) . Since  the  SNAPSHOT  launch  in  19b5,  the  Soviet  Union  has 
improved  the  quality  of  its  space  nuclear  reactor  power  capabilities 
through  a thermionic  system  called  "TOPAZ."  A derivative  of  the 
ROMASHKA  and  TOPAZ  systems  provides  power  for  its  radar  ocean 
reconnaissance  satellites  (RORSATs)  (Figure  6) . Approximately  20 
RORSATs  have  been  launched  by  the  Soviet  Union,  with  four  launches  in 
the  first  lu  months  of  1982.  Althougn  tne  RORSAT  nuclear  power  system 
is  neither  high  powered  nor  long  lived,  the  Soviet  Union's  use  of 
reactors  exemplifies  its  oelief  that  power  requirements  for  space  will 
increase  over  time. 

For  the  United  States,  these  increasing  power  requirements  will 
come  rrom  military  missions  (surveillance  and  war-fighting)  and  also 
from  civilian  missions  (scientific  and  large  commercial) . The  real 
power  system  needs  for  these  missions  can  only  oe  estimated  at  this 
time.  To  assess  these  needs,  two  parameters  in  addition  to  power  must 
be  evaluated:  tne  duration  of  the  power  and  tne  mass  of  the  system 

providing  the  power.  The  product  of  the  power  and  its  duration  is  the 
energy  output  of  the  system,  and  both  the  power  and  the  energy  affect 
the  system  mass.  The  mass  in  turn  affects  the  total  launch 
requirements  ror  the  mission.  For  the  types  of  missions  being 
discussed  by  military  and  civilian  planners  today,  ranges  in  power, 
power  duration,  and  power  system  mass  can  be  defined  and 
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interrelateu.  Power  requirements  range  over  4 decades,  from  kW(e)  to 
100  HW(e).  Power  duration  requirements  range  over  b decades,  from 
seconds  of  semicontinuous  power  for  directed  energy  applications  to 
near  100,000  hours  for  long-iived,  steady  state  applications.  System 
mass  requirements  range  over  J decades,  from  hundreds  of  kilograms  to 
tens  of  tnousands  of  kilograms.  When  plotted  in  a three-dimensional 
log-log-log  coordinate  system,  the  interrelation  of  these  three 
parameters  defines  a "requirements  space"  (Pigure  7) . When  examining 
this  space,  the  difference  oetween  steady  state  and  semicontinuous 
needs  becomes  apparent.  What  does  not  oecome  apparent  is  the  level  of 
power  system  tecnnoiogy  necessary  to  meet  tne  real  needs  of  military 
and  civilian  applications.  Tne  scnedules  and  budgets  required  to 
develop  power  systems  tnat  are  time  compatible  witn  missions  must  be 
factored  into  a plan  for  development- -a  technology  roao  map.  Tne  road 
map  for  power  syscems  must  begin  witn  the  ccmplete  nuclear  power 
system  technology  base  tnat  exists  in  the  United  States  today. 


bACKGKUUNU 

Tne  u.S.  development  of  a steady  state  space  nuclear  reactor  power 
system  technology  oase  began  in  the  early  1950s.  Reactor  systems  were 
code  named  with  even-numbered  "SNAP"  designators  and  were  initially 
considered  with  power  capabilities  from  nundreos  of  watts  to 
muitikilowatts.  Tne  principal  SNAP  reactor  power  systems  were  SNAP-;^, 
SNAP-8,  SNAP-lOA,  SNAP-50,  and  tne  Si^AP  follow-on  concepts  (Figure 
8) . All  the  numerically  designated  systems  were  designed  for  a 1-^ear 
power  duration,  witn  power  capabilities  ranging  from  0.5  to  350 
kW(e) . The  foilow-on  system  concepts  were  aimed  at  2-  to  7-year  lives 
with  power  capabilities  up  to  75  kW(e).  Tne  SNAP-2,  -8,  -lOA,  and 
follow-on  systems  were  oasea  on  a thermal  reactor  using 
uranium-zirconium  hydride  fuel.  Tne  SNAP-50  was  based  on  a fast 
reactor  using  uranium  nitride  fuel. 

The  hardware  pnase  of  tne  SNAP  program  occurred  in  the  1960s  and 
centered  around  tne  SNAP-^,  -8,  -lOA,  ano  -50  systems.  Separate 
reactor  and  power  conversv..~,  subsystem  development  and  testing  were 
performed  for  che  SNAP-2  and  -8  systems.  Tne  SNAP-lOA  system  inciuuuo 
reactor  development,  power  conversion  suosystem  development,  and  fully 
operational  system  testing  on  the  ground  and  in  space.  Tne  SNaP-50 
program  included  corqx>nent  development  testing  and  did  not  proceed 
through  reactor  or  system  tabtication  and  testing.  Ine  SNAP  foliow-on 
concepts  were  oiienteu  at  ty-.  =yctem  ts^nnoiogy  improvement,  and  their 
data  base  was  urawn  largely  from  the  SNAP-2,  -8,  am  -lOA  programs. 

The  major  hardware  milestones  in  tne  SNAP  program  included  the 
SNAP-lOA  ground  teat  and  flignt  tests  in  1965  and  the  SNAP-8  reactor 
demonstration  tes/.s  in  tne  I9b0s  (Figure  9)  . 

Paralleling  t^is  nardware  phase  was  tne  aerospace  Nuciear  Safety 
Program  (Figure  9} . Approximately  $50  million  (1960s  dollars)  was 
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spent  in  this  progrsa  slons  to  verify  the  safety  of  nuclear  reactor 
systeoA  before  launch,  during  launch,  in  space,  and  upon  reentry. 

Early  in  the  1970s,  system  concepting  and  subsystem  iaproveaent 
activities  were  under  way.  These  activities  included  the  design  of 
various  reactor  power  systems,  such  as  the  5-liW(e)  reactor 
theriaoelectric  systeai  and  the  75-kM(e)  reactor  turboelectric  system 
(Figure  9) . At  the  end  of  this  improvement  phase,  the 
uraniuBi~zirconiimi  hydride  reactor  system  technology  base  was  well  on 
its  way  to  providing  a 25-kW(e)  system  with  a 5-y«ar  life.  Over  the 
range  of  powers  oeing  considered  at  that  tisw,  specific  powers  of  6-30 
W/kg  were  projected.  These  systesis  had  longer  lifetimes  and  specific 
energy  capabilities  of  30-210  M-yr/kg.  The  uranium  nitride  reactor 
system  technology  bv>s<9  was  oriented  to  much  higher  powers,  with 
SNAP-50  type  systems  offering  large  increases  in  specific  power  and 
energy. 

The  SNAP  program  was  terminated  in  the  late  1970s.  At  that  time, 
several  hundred  million  dollars  had  been  Invested  in  the  technology 
base,  with  over  $200  million  of  this  investment  at  Atomics 
International. 


SYSTEM,  SUBSYSTEM,  AND  COMPONENT  IMPLICATIONS 

The  technology  oase  that  was  most  completely  demonstrated  and 
supported  by  test  resulted  from  the  SNAP-lUA  and  -8  programs.  This 
base  was  also  used  in  the  SNAP  follow-on  progr.asks.  Another  technology 
base  was  established  by  the  higher-power,  higher- temperature  JNAP-50 
program. 

The  SNAP-lOA,  -8,  and  follow-on  progr^uns  coi.sidered  various  types 
of  power  conversion,  b.t.  cie  reactor  and  shielding  concepts  were 
similar  for  all  systems.  The  reactors  were  thermal,  based  on 
uranium-zirconium  hydride  fuel.  The  hydrogen  moderator  was 
intrinsically  bound  in  the  fuel  matrix  to  minimize  fuel  inventory  and 
maximize  reactor  safety.  Fuel  conposition  for  all  reactors  was 
generally  the  same,  using  10  wt%  (weight  c»ercent)  fully  enriched 
uranium  and  90  wtk  zirconium.  The  fuel  was  hydridsd  to  6 x 10^^ 
hydrogen  atoms/cm3,  or  about  the  same  hydrogen  density  as  water. 

The  reactors  were  cooled  with  a liquid-metal  eutectic,  NaK-78  (7b  wt% 
potassium)  . Reactoi  neutron  shielding  uS'^d  lithium  hyoride  (LiU)  in  a 
stainless  steel  containment  vessel.  GaiMoa  shielding,  when  enployed, 
used  heavy  metals. 

The  SNAP-lOA  system,  launched  on  April  3,  1965,  was  designated 
Flight  System  4 (Figure  10) . The  total  spacecraft  was  called  SNAPSHOT 
and  included  the  Agena  vehicle  with  primary  and  secondary  payloads. 

The  SNAPSHOT  spacecraft  was  launched  into  a 1,300-kr  (700-n.  mi. 
(nautical  mile))  orbit  with  approximately  a 3,500-year  orbit  life. 

The  SNAP-lOA  reactor  power  system  initially  produced  580  W(e)  in 
orbit.  SNAP-lOA  was  designed  to  be  actively  controlled  only  at  t'  e 
beginning  of  its  life;  after  Lhs  reactor  was  stabilized,  electric 
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power  drilted  aown  witn  time.  SNAP-iOA  performance  in  space  tracked 
tne  performance  or  tne  ground  test  system  (Fiignt  System  3r  see 
below) . At  tne  forty-third  day  of  in-space  operation,  following  orbit 
553,  tele’^’Ty  from  tne  SNAPSHOT  spacecraft  was  lost.  It  was  later 
determineo  that  thermal  overstresssing  of  the  Agena  voltage  regulator 
caused  an  erroneous  shutdown  command  to  the  reactor's  permanent 
shutdown  device. 

The  SNAP-lUA  system  had  a single  NaK  loop  and  employed 
silicon-germanium  thermoelectric  elements  (Figure  11).  The  reactor 
coolant  outlet  temperature  was  833  K (1040°F) . The  unshielded 
reactor  mass  per  unit  thermal  energy  was  ^,650  kg/MW (t)-yr.  The 
overall  system  hau  a specific  power  of  1.3  W/kg.  Because  the  system 
was  designeo  for  a 1-year  life,  the  specific  energy  was  equal  to  the 
specific  power. 

SNAP-lOA  Flight  System  3 was  tested  on  the  ground  in  vacuum  for 
10,000  hours  at  power  and  temperature  (Figure  12).  The  ground  test 
was  initiateu  prior  to  Flight  System  4 launen  so  that  flight 
performance  could  oe  tracked  against  ground  performance.  The  ground 
test  system  operated  at  the  same  reactor  outlet  temperature  and 
average  radiator  temperature  as  tne  flight  test  system.  The  effective 
nigher  sink  temperature  of  the  ground  facility  versus  that  of  the 
space  facility  resulted  in  lower  power  output  from  the  ground  test 
system. 

Because  of  the  concerns  of  launching  a reactor  system  into  space,  a 
significant  safety  program  supported  the  SNAPSHOT  launch  (Figure  13) . 
Tnis  program  was  called  the  Aerospace  Nuclear  Safety  Program  ana 
supported  reactor  a.ia  radioisotope  system  development  activities. 

Both  safety  analysis  and  test;.ng  were  performed  for  the  SNAPSHOT 
launch,  in  the  Reentry  Flight  i)emonstration  Test,  a full-scale 
nonfueieo  and  nonr adioactive  replica  of  tne  SNAP-lOA  reactor  was 
launched  and  subjectea  to  a suborbital  fiignt  path.  This  test 
demonstrated  beryllium  reflector  separation  rrom  tue  reactor  vessel 
and  also  supported  tneoretical  modeling  in  areas  such  as  aerodynamic 
heating  and  reactor  disassembly. 

A highlight  of  the  safety  program  was  a series  of  reactor  transient 
tests  called  tne  SNAPTRAN  experiments.  These  experiments  were  used  to 
measure  the  response  to  rapid  reactivity  insertions  and  core  water 
flooding.  SNAPTRAN-3  was  specifically  conducted  to  characterize  the 
SNAP-lOA  reactor  in  the  water- flooding  event  chat  coula  collow  a 
launch  abort  ^figure  14) . In  tnis  exper  ment,  a SNAP-lOA  core  was 
located  in  a water-filled  environjoental  chamber.  The  core  was 
surrounded  by  a poisonea  ana  voidea  sleeve.  The  sleeve  waF 
pyrotechnically  removed  and  the  reactor  was  descructed.  The  expansion 
of  tne  well-instrumented  core  was  followed  by  three  nigh-spced 
cameras,  and  the  data  collected  were  used  to  determine  coefficients  of 
reactivity  versus  volume  expansion.  Experimental  data  also  verified 
that  tne  reactivity  temperature  coefficient  was  -0.4(f/°C  prior  to 
tne  initiation  of  core  expansion.  The  SNAPTRAN-3  experiment  further 
demonstrated  that  fuel  element  disintegration  was  caused  by  the 
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yenecation  of  hydrogen  overpressure.  The  one  intact,  fuel  element  from 
the  experiment  snowed  that  this  hydrogen  evolution  was  nonun.iform 
aoout  the  cross  section  of  the  fuel  (Figure  14) . A very  positive 
outcome  of  the  experiment  was  confirmation  that  a high  fraction  of  the 
fission  products  were  retained  in  the  fuel  element. 

The  SNAP-8  program  was  directed  at  a bO(i-lcW(t)  reactor  with  a 978  K 
(li0u*3r)  coolant  outlet  temperature.  The  reactor  was  to  he  used 
with  higher-electric-power  mercury  Rantcine  turboelectric  power 
conversion  suhsysteros.  Two  cooplete  reactors  were  tested  in  this 
program:  the  SNAP-8  iSxper imental  Reactor  (S8£R)  ana  the  SNAP-8 

Developmental  Reactor  (S80K) . 

The  SHKR  was  tested  in  an  inerted  containment  vessel  for  i2,000 
hours  ana  operated  for  i year  at  power  and  temperature  (Figuri  15) . 

The  reactor  employed  nonflight- type  hardware,  and  the  test  did  not 
incorporate  flight-type  neutron  or  gamma  shields.  The  technology  of 
the  S8£R  was  improved  by  over  a factor  of  6 compared  with  that  of 
SNAP-lOA;  i.e.,  for  a given  unshielded  reactor  mass,  S8ER  could 
deliver  over  t>  times  the  energy  (420  kg/MW(t) -yr)  . 

The  S8DR  was  ground  tested  for  7,000  hours  at  powers  from  600  to 
1,000  kW(t)  (Figure  16).  Testing  was  performed  in  vacuum  using 
flight-type  reactor  components  and  a flight-type  neutron  shield.  Tne 
actuators  were  biairectional,  and  the  reflectors  incorporated  a 
separate  ground  test  screun  mechanism.  The  S8DR  has  an  unshielded 
reactor  mass  per  unit  energy  of  450  kg/MW(t)-yr,  a value  slightly 
higher  than  that  for  the  S8ER. 

In  eacn  SNAP-8  reactor  posttest  exeuninaticn,  fuel  cladding  cracks 
were  found.  Destructive  examination,  experimentation,  and  theoretical 
analysis  confirmed  that  the  cracks  resulted  from  excessive  fuel 
swelling.  After  the  fuel  swelling  phenomenon  had  been  characterized, 
a temperature  limit  of  922  K (1200‘^F)  was  established  for  the  outlet 
temperatures  of  follow-on  uranium-zirconium  nydride  reactor  designs. 

Tne  SNAP-8  reactors  were  designed  and  tested  for  use  with  mercury 
nankine  turboelectric  power  cc''"'prsion  subsystems.  The  total  SNAP-8 
system  was  intended  to  generate  iO-6U  kW(e)  (nominal  50  kW(e))  at 
reactor  pcwers  of  300-600  kW(t).  Tne  mercury  Rankine  power  conversion 
subsystem  was  being  developed  by  the  Aerojet  Corporation  I'nder  the 
direction  of  tne  NASA-Lewis  Research  Center  (NASA-LRC)  . NASA-LP.C  was 
also  investigating  the  gas  Brayton  power  conversion  suusystem  for  this 
application.  On  tne  basis  of  aevelopment  test  results  for  the  mercury 
Rankine  unit,  the  SNAP-8  system  efficiency  was  projected  to  be  10 
percent  (24  percent  of  Carnot  efficiency) . The  total  system  specific 
power  was  projected  in  the  7-  to  lO-W/Kg  range. 

The  SNAP-8  technology  base  was  then  used  in  the  design  of  several 
SNAP  follow-on  reactor  system  concepts  (Figure  17).  The  reactor 
designs  were  based  on  SNAP-8  aata  and  ranged  in  power  from  100  to  600 
kW(t).  The  unshielded  mass  per  unit  energy  of  the  reactors  remained 
in  tne  range  from  400  to  450  kg/MW (t)-yr.  The  reactors  and  power 
systems  were  designed  for  longer  lives,  in  the  2-  to  7-year  range. 

Tne  systems  incoiporated  various  thermoelectric  and  turboelectric 
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(Brayton  and  Hankine)  power  conversion  subsystens.  Total  system 
specific  powers  were  projected  at  b-iO  W/kq,  depending  on  the  aosolute 
powei  level.  Total  system  specific  energies  were  projected  at  30-210 
W-yr/kg. 

The  time  frame  during  which  the  SNAP  follow-cn  systems  were  being 
conceived  was  also  tne  time  frame  for  subsystem  technology  improvement 
activities.  These  activities  were  performed  during  tne  eany  197Cs 
and  resulted  in  some  expansion  of  the  SNAP  data  base.  This  data  base 
is  discussed  below  for  the  reactor,  shielding,  primary  heat  transport, 
and  power  conversion  and  processing  suosystems. 

The  data  case  for  the  uranium-zirconium  nydride  reactor  Buosyscem 
is  oased  on  over  41,000  total  nours  of  reactor  testing  (Figure  IB) . 
During  this  testing,  peak  fuel  linear  power  densities  of  11.3  kW(t)/m 
were  obtained,  as  were  peak  cladding  temperatures  of  1015  K 
(1370*^F)  . As  mentioned  earlier,  the  testing  resulted  in  an  imposeu 
limit  of  922  K (1200°F)  on  the  U-ZrH  reactor  coolant  outlet 
temperature,  with  a limit  of  3.3  kW(t)/m  on  average  linear  power 
density.  Keflectors,  reflector  materials,  vessel  materials,  coolant 
headers,  vessel  structure,  high-temperature  bearings,  and 
hign-temperature  control  actuators  were  also  demonstrated  and  are  part 
of  tne  reactor  subsystem  data  uase.  Of  considerable  importance  is  the 
status  of  control  actuators.  Sixty-seven  actuators  were  tested  for  a 
total  of  264, OOU  nours.  A single  actuator  was  tested  for  i6,uC0  hours 
at  a temperature  of  B80  K (1125^F) . Otner  actuators  were  tested  in 
reactor  environments  at  temperatures  of  644  K (7U(PF).  An  important 
implication  of  this  actuator  testing  is  the  temperature  and 
fast-neutron  dosage  capabilities  of  these  units.  Higher  temperatures 
and  dosages  will  require  new  materials  and  insulators,  with  resultant 
actuator  development  and  qualification. 

The  shielding  subsystem  data  base  results  from  13  neutron  shields 
being  tested  for  19,000  nours  (Figure  19) . In  all  cases,  the  neutron 
shielditig  material  was  lithium  hydride.  This  is  the  consensus 
material  for  neutron  shielding  oecause  it  has  an  extremely  nigh 
macroscopic  neutron  removal  cross  section  per  unit  density  (0.15 
cro^/g) . Tne  equivalent  value  for  water  is  only  O.IU  cm2/g . 

Lithium  hydride  is  a faoricable  material,  and  Atomic?  International 
cast  shields  up  to  a diameter  of  l.B  m (6  ft) . The  m . jor  limitation 
on  lithium  hydride  as  a shielding  material  is  its  operating 
temperature.  LiH  melts  at  959  K (1266^F) , and  although  molten 
iithium  hydride  couJd  oe  used  at  temperatures  slightly  above  the 
melting  pcint,  it  is  apparent  tnat  very  hign  temperature  reactor 
systems  will  require  active  snield  cooling  or  otner  shielding 
materials.  Either  solution  will  require  development. 

The  primary  heat  transport  subsystem  data  base  encompasses  piping, 
liquid-metal,  electromagnetic  pump,  and  coolant  volume  coitipensator 
technologies  (Figure  20) . In  the  SNAP  program,  58  electromagnetic 
pumps  were  tested  for  il2,000  total  hours,  wirn  a single  pump 
operating  successfully  for  42,000  nours.  These  pumna  operated  at 
temperatures  up  to  920  K (1200°F) . Volume  compensators  we.e  also 
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successtuliy  demonstrated  in  the  SNAP  program.  These  components  used 
metallic  oeilows  to  accoounouate  the  differential  volume  expansion 
between  tne  liquid-metai  coolant  and  the  piping.  The  volume 
compensators  also  provioed  pressurization  for  tne  liquid-metai 
coolant » wniie  maintaining  it  void  free.  Fifty  volume  coiqpensators 
were  tested  at  elevated  temperatures  for  over  100,000  total  hours. 

The  SN<iP-10A  ground  system  compensator  accumulated  10,000  test  hours. 

Tne  power  conversion  and  processing  subsystem  data  base  includes 
technologies  for  thermoelectric  and  turboelectric  power  conversion 
(Figure  zl) . Although  the  SNAP-iOA  system  used  silicon-germanium 
thermoelectrics,  development  efforts  were  also  focused  on  lead 
telluride  (PoTe)  because  of  its  higher  potential  figure  of  merit,  'L 
(equals  material  Seebeck  coefficient  squared  divided  by  electrical 
resistivity  and  cnermal  conductivity) . Lead  telluride  compact  tuoular 
tnermoelectr ic  converters  were  designed  by  Westinghouse  Astronuclear 
Laooratory  and  tested  by  ooth  Westinghouse  ano  Atomics  International. 
Two  hundred  and  twenty  units  were  tested  for  720,000  hours,  with  a 
single  unit  operating  for  42,(!^00  hours.  figure  of  merit  of  0.8  x 
10~3k~1  was  demonstrated  for  these  converters,  i.e.,  an  efficiency 
of  5 percent  at  a hot  clad  temperature  of  858  K (1085<^F)  and  a cold 
clad  temperature  of  537  K (507° /F) , the  required  system 
temperatures.  The  turboelectric  subsystems  included  the  mercury 
Rank  me  units  for  SNAP-2  ano  -8  that  were  developed  by  TRW  and 
Aero3et,  respectively.  A mercury  Ranxine  subsystem  was  tested  in  a 
full-up  5NAP-2  reactor  power  system  configuration  u«ing  an 
electrically  simulated  reactor.  Thirty  thousand  nours  of  test 
experience  were  demonstrated  on  the  mercury  Rankine  units  with  a 
5, 000-hour  single-duration  test. 

In  reviewing  tne  reactor  power  system  tecnnology  uata  ease  that 
evolved  from  tne  SNAP  program,  tne  question  may  be  asked,  "What  does 
it  mean  today?"  Over  the  past  10  years,  no  further  activities  were 
performed  on  these  compact  reactor  systems.  However,  in  support  of 
the  radioisotope  thermoelectric  generator  (RTG)  programs,  development 
activities  did  proceed  with  silicon-germanium  thermoelectric  power 
converi  ion. 

An  interesting  perspective  can  be  gained  oy  "concepting"  a 
SNAP-cype  reactor  power  system  using  a SNAP-evolved  U-ZrH  reactor  with 
current  silicon-gecinanium  thermoelectric  capabilities  (Figure  22).  To 
ba  consistent  with  curre*ciy  envisionto  mission  requirements,  a power 
system  lire  of  7 years  used.  As  the  design  electrical  power  level 
of  this  system  concept  iS  increased,  the  specific  power  and  specific 
energy  capaoilities  of  the  system  increase  oreunatically . Although 
SNAP-IOA  exhibited  a specific  power  and  energy  of  only  1 3 W/kg,  a 
SNAP-evolved  derivative  system  witn  a lOO-kW(e)  capability  exnioits  a 
specific  power  of  11  W/xg  and  specific  energy  of  80  W-yr/kg.  Such 
large  imcrcveioants  ate  due  to  tne  economy  cf  size,  to  increased 
reactor  oolant  temperature  (from  833  to  922  K) , and  to  improved 
thermoelectric  converter  efficiency.  This  system  r-oncept  would  still 
be  very  large  anJ  heavy  in  hign-powet  ranges.  The  important 
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conclusion  is  the  dramatic  system-level  effect  of  power  on  the  mass  of 
such  a system. 

A further  perspective  into  tnis  etrect  can  be  gained  by  looking  at 
the  same  type  of  SNAP-evolved  power  system  concept,  but  one  utilizing 
improved  therreoelectr ics  (Figure  :23)  . These  improved  thermoeiectrics 
have  a figure  of  merit  of  1.0  x and  have  been  proposed 

a reasonable  technology  improvement.  The  specific  power  achievable  by 
such  a system  concept  at  100  kW(e)  is  15  N/kg.  The  specific  energy 
achievable  at  this  power  is  over  100  W-yr/kg. 

A review  and  an  evaluation  of  the  technology  data  base  estaolished 
uy  the  Pratt  and  Whitney  SNAP-50  reactor  turboelectr ic  system  provide 
a similarly  dramatic  demonstration  of  the  systeso-level  effect  of  power 
on  mass.  SNAP-50  was  baing  configured  for  power  levels  of  300-1000 
kw(e).  The  system  employed  a fast  uranium  nitride  reactor,  operating 
at  a lithium  cooiant  temperature  of  1367  K (2000^F;.  The  reactcr 
was  projected  to  nave  an  unshielded  mass  per  unit  energy  of  730 
kg/MW (t)-yr.  Tr.e  projecteo  system  conversion  efficiency  was  i4 
percent  using  a potassium  Rankine  turboeiectr ic  power  conversion 
subsystem.  SNAP-50  was  being  designed  for  a 1-year  life  and  was 
projectea  to  have  an  unshielded  specific  power  in  the  range  of  lUU-i^OO 
W/Kg. 

The  key  conclusion  from  this  review  ana  evaluation  of  the  SNAP 
technology  aata  base  ic  that  an  "order-of-magnitude"  power  system 
technology  improvement  is  not  required  to  meet  the  specific  power  and 
specific  energy  goais  envisioned  for  future  space  missions.  These 
goais  are  currently  in  the  ranges  of  40-50  W/kg  and  250-350  W-yr/kg. 
extrapolations  of  all  types  of  past  system  technologies  demonstrate 
that  these  goais  seem  reasonaole  with  newer,  more  advanced 
technologies.  It  is  only  necessary  to  determine  the  level  of 
technology  advancement  necessary  to  meet  real  mission  needs. 


MISSION  CONSIDERATIUNS 

Reactor  power  systems  nave  always  been  directed  at  next-generaticn, 
far-term  missions.  In  the  early  1960s,  rt actor -powered  space  station 
concepts  were  being  stuaied  (Figure  14) . as  power  system  concepts  and 
missions  evolved,  the  1970s  envisioned  reactor -powered  lunar  and  space 
stations  (Figure  25} . In  the  I96Us,  the  Galileo  mission  to  explore 
Jupiter  IS  being  plannea  (Figure  26} . 

Today,  tne  most  important  activity  tor  the  space  nuclear  power 
community  is  determining  if  any  mission  requires  a reactor  power 
system.  As  a starting  point  in  tlie  search  for  a mission,  we  car.  note 
the  Soviet  Union's  use  of  reactor  power  for  RORSAT.  Surveillance  is  a 
potential  mission  with  a potential  near-term  need.  A poosibie 
technology  for  this  mission  ..s  the  synthetic  aperture  radar,  wnicn  had 
Its  initial  demonstration  in  tne  shuttle  imaging  radar  (SIR-A} 
exper iirent.  SIK-a  was  ouilt  oy  the  Jet  Propulsion  Laboratory  as  part 
ct  the  OSTA-I  (Office  of  S^ace  and  Terrestrial  Applications} 
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exp«r imentai  package  (Figuie  27).  SIR-A  operatea  at  an  aititt’^le  of 
260  km  (140  n.  mi.).  Interesting  views  trum  SIK-A  include  an  oil 
slick  near  Venezuela  (Figure  28) , oil  derricks  near  Abu  Dhabi  in  the 
Persian  Gulf  (Figure  28) , and  freeways  in  the  Dos  Angeles  basin 
(Figure  10).  SIR-A  required  a power  of  only  L kW(e).  it  does  t 
take  much  imagination  to  envision  the  capabilities  of  a near-term 
radar  system  having  20  or  30  kW(e)  of  power. 

A raaar  surveillance  system  is  only  one  potential  mission.  It 
aues,  however  illustrate  one  truism — mission  power  needs  will  increase 
with  time,  and  power  system  capabilities  must  follow  those  needs,  as 
the  power  needs  continue  to  increase,  tne  necessity  for  reactor  power 
systems  will  increase.  Looking  again  at  the  mission  "requirements 
space"  (from  Figure  7)  with  a time  variable  imposed,  one  caa  see  a 
possible  progression  of  power  system  capabilities  over  time  (Figure 
31) . This  Lime  dependence  is  different  for  steady  state  and 
semiconti.nuous  missions.  In  the  late  1960s,  there  could  be  near-term 
missions,  and  only  certain  power  system  technologies  luay  be  capable  of 
meeting  near-term  mission  needs,  in  the  early  1990s  and  mid-1990s, 
there  could  oe  midterm  and  far-term  missions.  Midterm  and  lar-term 
reactor  power  systems  will  be  available  to  meet  midterm  and  far-term 
mission  needs  only  if  proper  planning  is  performed  now.  This  planning 
is  the  technology  road  map  that  fits  time-phased  mission  needs  to 
realistically  achievaole  power  systems. 

TtCHNOLOGf-MISSIuN  OVERVIEW 

'"he  determination  of  sucn  a technology  road  map  was  recommended  to  the 
Department  of  Energy  by  Rockwell  international.  The  Energy  Systems 
Group  of  Rockwell  International  is  currently  performing  a 
•■echnology-mission  overview  study  to  determine  this  toad  map  for  tne 
Department  of  Energy.  Tne  study  uees  a "oottom-up"  approach  to  assess 
power  system  capaoilities  and  ties  these  capabilities  to  validatea 
mission  needs  generated  by  the  Department  of  Defense  and  the  National 
Aeronautics  and  Space  Administration  (Figure  32). 

An  important  feature  of  tne  stuoy  is  technology  assessment.  In  the 
"bottom-up"  study  approach,  reactor  power  svstem  technologies  a.'e 
first  assessed  at  tne  subsystem  level.  Five  subsystems  are  defined 
tor  this  assessment  (Figure  33) . For  each  subsystem,  current 
technologies  are  assesed,  as  are  the  future  capabilities  of  improved 
tecnnoiogies  lor  midterm  needs  and  advanced  technologies  for  rar-term 
needs.  Of  prime  importance  is  tne  consideration  of  developmien*'  time 
and  development  cost  ior  each  improved  or  advanced  techioiogy.  When 
complete,  the  technology  assessment  provides  time-compatible  building 
blocks,  (i.e.,  subsystemr  whose  development  can  be  achieved  in  tne 
same  time  frame.  Tnes.-  building  blocks  are  then  used  'to  generate 
systems  wi.ose  schedular  availability  can  be  time  phased  by  near-tirm, 
midterm,  ano  fnr-term  initial  operating  capability  (IOC). 


183 


At  the  3dme  time,  the  study  provides  a review  of  near-term, 
midterm,  and  far-term  power  system  capabilities  required  by  tne  users 
— tne  civilian  and  tne  military  users.  The  needs  of  tne  users  are 
correlated  with  i.he  schedular  availability  of  the  power  systems. 

Power  system  requirements  are  iterated  witn  the  users'  mission  needs 
(Figure  34) . Considerations  of  development  cost  and  development 
schedule  will  then  result  in  a preferred  technology  road  map  for 
reactor  power  systems  (Figure  35) . Tne  technology  road  map  will 
correlate  cost  to  schedule  and  need.  Tne  generation  and  use  of  this 
technology  road  map  will  ensure  that  space  nuclear  power  is  no  longer 
20  years  ahead  of  its  time  (Figure  36) . 
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FIGURE 


FIGURE 
April  3, 


The  Space  Transportation  System  (STS) . 


Launch  of  SNAP-lOA,  a single  space  reactor  power  system,  on 
1965. 
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FIGURE  5 The  early  static  SNAP-10  concept:  model  for  USSR  "Romashka 

space  reactor  system. 


FIGURE  6 USSR  RORSATs:  using  a reactor  power  system 
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FIGURE  7 U.S.  mission  requirements. 


FIGURE  ]0  Launch  of  SNAP-lOA  Flight  System  4 plus  Agena  spacecraft 
on  April  3,  1965. 
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FIGURE  1.1  SNAP  10-A  Flight  System  4. 


FIGURE  12  SNAP  IDA  Flight  System  3, 
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FIGURE  14  The  SN APT  RAN- 3 experiment. 
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FIGURE  15  The  S8ER: 


installation  into  test  pit. 


FIGURE  16  The  SHDR  ground  test. 
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FIGURE  17  Follow-on  SNAP  reactors. 


FIGURE  18  SNAP  program  data  base: 


reactor  subsystem. 
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FIGURE  19  SNAP  program  data  base:  shielding  subsystem. 


FIGURE  20  SNAP  program  data  base:  primary  heat  transport  subsystem 
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FIGURE  23  SNAP-evolved  reactor  concept,  using  improved  power 
conversion  technology. 


FIGURE  24  Early  space  station  concepts. 


FIGURE  26  Future  missions 
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FIGURE  31  Possible  progression  of  power  system  capabilities  over  time. 


FIGURE  32  Assessment  of  reactor  power  system  capabilities  by  use  of 
"bottom-up"  analysis. 


200 


Reproduced  from 
best  available  copy. 


FIGURE  33  Assessment  of  reactor  power  system  technologies,  starting 
at  the  subsystem  level. 
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FIGURE  34  Iterating  power  system  requirements  repeatedly  with  users' 
mission  needs. 


201 


FIGURE  35  The  preferred  technology  road  map;  a result  of  the 
"bottom-up"  analysis. 


FIGURE  36  Space  nuclear  power;  no  longer  20  years  ahead  of  its  time. 
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AUSTKACT 

As  needs  develop  for  nuclear  reactors  in  space,  so  does  the  need  for  a 
coaprehensive  safety  strate9y.  Alttiough  much  of  tne  strate9y  is 
already  in  effect,  important  evolutionary  extensions  of  current 
practices  and  concerns  are  required  for  future  implementation.  This 
paper  proposes  metnods  of  acnieving  that  goal,  based  on  the  two 
fundamental  objectives  of  (1)  ensuring  that  reactor  operations  do  not 
expose  the  public,  the  mission  personnel,  or  tne  biospnere  to  undue 
risk  and  (2)  demonstrating  safety  so  convincingly  tnat  general 
acceptance  is  assured.  The  strategy  outlined  addresses  institutional 
and  organizational  concerns,  physical  and  engineering  aspects,  and 
operational  policy.  The  nature  of  the  potential  risks  and  tne  nature 
of  the  events  that  embody  those  risks  indicate  that  a continuity  of 
safety  must  be  provided  through  the  entire  life  cycle  of  the  reactor 
and  across  the  atany  organizations  involved  in  the  different  life  cycle 
pnases.  The  physical  and  engineering  practices  are  generally  well 
developed,  but  tlie  design  and  implementation  of  a safety  demonstration 
program,  of  which  tne  major  aspects  are  to  be  understandable  by  a 
rational  lav  public,  will  be  challenging. 


INTRODUCTION 

In  considering  tne  safety  of  nuclear  reactors  for  use  in  space 
apjilica cions,  we  must  address  the  relevant  technical,  oi  v^ical,  and 
ever,  fxkuial  questions  because  the  answers  win  play  a oiajor  role  in 
determining  the  future  use  of  reactors  in  space.  Space  reactor  safety 
has  involved  case-by-case  considerations  for  more  than  two  decades. 


This  report  was  prepared  by  a contractor  of  the  U.S.  government  at  the 
invitation  of  the  National  Researen  Council  for  presentation  at  tne 
Symposium  on  Advanced  Compact  Reactor  Systems,  Novemoer  15-17,  1982. 
The  views  expressed  in  this  papvtr  are  not  necessarily  those  of  the 
U.S.  Department  of  Energy. 
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In  tiie  last  few  years,  further  attention  has  bet;:n  given  to  the  nuhject 
in  the  light  of  new  reactor  technology,  new  vehicles  and  missions,  and 
new  social  and  political  realities;  hut  a cotuprcihensive,  agreed-upon, 
ana  articulated  strategy  nas  not  yet  emerged.  It  is  tne  purpose  of 
this  paper  to  propose  a step  in  that  direction. 

In  stating  tne  U.>S.  Department  of  Energy  (DOE)  position  for  the 
United  Nations  Working  Group  on  Nuclear  Power  in  Space,  Dobry  (1979) 
summarized  the  status  of  that  development: 

Basic  U.S.  safety  philosophies  relative  to  space  reactors  have  not 
been  developed  or  reexamined  relative  to  new  reactor  design  and 
launch  vehicle  capabilities,  since  no  requirements  have  been 
forthcoming  for  13  years.  Should  a requirement  be  established 
vital  to  the  national  interest,  design  safety  ph.,..osophie8  would 
have  to  be  developed;  an  estimated  two-year  period  would  be 
required  to  address  overall  safety  objectives  and  criteria  and  a 
comprehensive  and  responsive  program  for  the  safety  protection  of 
the  public  and  the  environment.  Past  U.S.  practice  for  all  space 
nuclear  systems  has  oeen  estaolished  to  specific  requirements  on  a 
case-by-case  mission  basis. 

A strategy  must  be  developed  to  achieve  objectives  tnat  are  at 
ie»°t  generally  framed.  Two  objectives  are  proposed  here.  The  first 
is  generally  recognized  and  can  be  formulated  from  statements  by  Dobry 
and  from  tnose  in  the  "DOE  Nuclear  Safety  Criteria  and  Specifications 
for  Space  Nuclear  Reactors"  (Department  of  Energy  (DOE) , 198z)  as: 

1.  There  shall  be  no  undue  risk  to  the  public,  to  mission 
personnel,  or  to  tne  environment,  resulting  from  the  use  of  space 
nuclear  reactors. 

The  second  objective  is  not  generally  stated,  but  I believe  it  is 
crucial  to  tne  long-term  viability  of  a space  reactor  program.  It  is: 

2.  The  safety  of  any  space  nuclear  reactor  must  be  so  well 
demonstrated  tnat  general  acceptance  is  assured. 

The  concerns  of  various  public  constituencies  must  be  addressed  if  we 
are  going  to  obtain  long-term  political  support  for  space  reactor 
programs. 

"n  addition  to  these  two  objectives,  which  form  tne  foundation  for 
the  strategy  that  is  developed  and  presented  here,  it  is  also 
necessary  to  conuider  the  physical  environment  that  is  important  to 
space  reactor  safety,  the  major  types  of  risxs,  and  the  events  that 
can  lead  to  tnose  iisks.  A review  of  these  factors  provides  focus  and 
direction  for  the  development  of  an  appropriate  strategy.  Also, 
implementation  is  vital  if  a strategy  is  to  oe  effective,  and  will  be 
considered  as  the  'Strategy  is  developed.  In  so  doing,  elesMnts  of  the 
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strategy  tnat  already  exist  will  becoae  apparent,  as  vill  developnents 
tnat  are  inportant  if  both  objectives  are  to  be  net. 


PRINCIPAL  PHYSICAL  CONST DilRAT IONS 

Four  £undame''tai  types  of  iiaka  are  involved  in  the  use  of  space 
reactors: 

1.  There  are  radiological  risks  related  to  the  inventory  of 
radioactive  aaterials,  including  fuel,  fission  products,  and  activated 
materials. 

2.  There  are  chemical  risks  related  to  the  use  or  development  of 
toxic  materials  in  the  reactor  construction  and  operation  or  to  the 
use  of  materials  that,  owing  to  tneir  chemistry,  increase  the  risk  of 
fire  or  other  chemical  reactions. 

3.  There  are  mechanical  risks  that  include  tne  impact  of  dense 
materials  and  the  aeposicion  of  energy  in  such  forms  as  heat  and 
pressure  waves. 

4.  There  are  secondary  or  incremental  risks  that  relate  to  the 
enhancement  of  other  risks  owing  to  the  presence  of  the  reactor  (e.g.  , 
the  chemical  nature  of  reactor  materials  could  have  adverse  effects  on 
the  launch  vehicle  or  its  systems) . 

These  various  types  of  risks  can  occur  singly  or  in  ccmibi nations, 
and  both  the  single  occurrences  and  tne  combinations  are  functions  of 
the  specific  events  tnat  lead  to  tneir  actuality. 

The  nature  of  the  events  that  lead  to  risk  and  the  environment  in 
wnicn  tnose  risxs  occur  are  related  to  the  specific  phase  of  the  space 
mission.  So  far  as  tne  reactor  and  its  related  systems  are  concerned, 
there  are  four  major  mission  phases.  The  first  combines  manufacture, 
testing,  transportation,  and  the  assembly  of  tne  reactor  with  the 
launch  vehicle.  The  second  consists  of  the  various  prelaunch 
activities  anu  tne  suosequent  launch  to  orbit  (or  other  flight 
trajectory) . The  third  phase  is  the  space  operation,  the  operative 
part  of  the  mission.  Postoperational  disposal  is  the  last  phase. 
Althougn  a complete  assessment  of  the  possible  accident  events 
associated  with  each  ot  these  phases  requires  careful  analysis  for 
specific  cases,  some  general  observations  are  possible. 

The  activities  associated  with  manufacture,  testing, 
transportation,  and  assembly  are  not  unique  to  space  reactors,  witn 
the  exception  of  those  related  to  launch  vehicle  integration. 
Weil-estaoiished  practices  govern  manufacture  and  testing. 
Transportation  is  a normal  activity  involving  well-known  precautions 
of  routing,  containment,  packaging,  and  subcritical  component 
shipping.  It  is  possible  that  reactor  materials  or  systems  could 
interact  witn  tne  balance  of  tne  payload  or  with  the  launch  venicie 
during  integration  activities  to  create  a hazard,  but  this  possibility 
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will  nocmaily  be  considered  when  e8tablishin9  payload  and  launch 
system  compatibility  requirements. 

During  prelaunch  activities,  tne  pristary  concern  relates  to 
inadvertent  criticality,  with  subsequent  effec'wS  on  mission  pernonnel 
and  .he  environment.  Tne  criticality  could  be  caused  by  loss  of 
control,  such  as  the  malfunction  of  control  drum  operating  m*c.^.duisBs, 
or  oy  cnemicaliy  or  mechanically  introduced  reactivity,  such  as  the 
dcciden«.al  extraction  of  absorber  plugs..  Although  these  events  are 
conceptually  possible,  tney  are  relatively  easy  to  oeal  with  in  design 
and  through  well-tested  administrative  procedures.  The  launch  itself 
IS  iDor t problematical,  however,  and  it  is  necessary  to  consider  botn 
tne  normal,  successful  launcii  and  the  various  types  of  launch  failures. 

During  a normal  launch,  the  reactor  and  its  systems  must  survive 
wituout  suffering  any  safety- related  failure.  Tne  launcn  environment 
includes  such  adverse  factors  as  vibration,  temperature,  shock, 
acceleration,  and  humidity.  All  of  these  factors  are  well  known  and 
are  amenable  to  treatment  in  design  and  development. 

f'aiiea  or  abnormal  launcnes  include  events  sucn  as  launch  pad 
explosions  or  fires,  launc/i  abort  after  lift-off,  and  failure  to 
acnieve  orbit.  In  either  the  case  of  a launch  pad  explosion  and  fire 
or  the  case  of  launch  abort  after  lift-off,  the  primary  concerns 
relate  to  tne  disposition  of  a critical  reactor  or  chemically  active 
materials  in  uncontrolled  locations.  These  launch  accidents  can 
create  severe  environments.  For  example,  the  proposed  test  conditions 
for  launch  pad  explosion  and  fire  qualif ic=)tion  of  the  SP-100  reactor 
incluae  a 2,000-psi  overpressure,  with  an  impulse  of  5.4  psi-s,  and  a 
solid  propellant  fire  subjecting  the  .reactor  to  2060‘^C  for  10.5  min 
(Seaoourn,  1982) . Further,  impact  of  the  reactor  on  land  Ol  water  is 
also  possible.  Under  tnese  conditions,  criticality  could  be  Cc  used  by 
deformation  of  tne  reactor,  by  damage  factors  such  as  the  removal  of 
absorber  materials,  or  by  immersion  in  water  or  some  otner  fluid  sucn 
as  liquid  hydrogen. 

In  the  case  of  marginal  failure  to  achieve  orbit,  the  reactor  may 
impact  on  lana  or  water.  Alternatively,  it  may  break  up  in  the 
,^.Lmosphere,  resulting  in  var lous-sized  fragments  oeing  distributed 
over  a wide  area  and  at  various  altitudes.  Again,  the  major  concerns 
relate  to  criticality  and  tne  distribution  of  rauiologicaliy  and 
chemically  active  materials.  Use  of  the  Space  Shuttle  will  reduce  the 
possibiiicy  of  these  particular  accident  conditions,  out  they  cannot 
be  ignored. 

Compared  to  the  hazards  attendant  diring  launch,  hazards  during 
space  operations  appear  minimal.  At  reactor  deployment  it  is  possible 
that  various  safety  locks  will  require  removal.  The  operation  will  be 
accoiiipiianed , directly  or  remotely,  by  Space  Shuttle  crew  members.  An 
inadvertent  criticality  at  tnis  point  could  tnerefore  nave  safety 
implications  for  the  citm.  So  far  as  postdeployment  operations  are 
concerned,  mere  are  only  direct  safety  implications  if  the  mission  c 
manned  or  if  it  requires  manned  intervention  such  as  servicing. 
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Generally,  the  types  of  hazards  related  to  space  operations  appear 
aroenahle  to  system  design  and  to  operating  procedures. 

Postoperationai  disposal  is  a safety  concern  only  if  the  reactor 
reenters  the  atmosphere,  in  tnis  case,  the  achievement  or  reactor 
shutdown  anu  tne  length  of  the  delay  between  shutdown  and  reentry  are 
Doth  important  oecause  they  influence  the  magnitude  of  the  radioactive 
inventory  ac  tne  time  of  reentry.  The  concerns  associated  with  the 
reentry  itself  relate  to  reactor  impact  on  land  jr  water,  related 
criticality  in  an  uncontrolled  location,  and  tne  possible  release  of 
radioactive  or  toxic  materials.  Similar  concerns  would  also  arise  if 
reactor  oreatcup  snouio  occur,  resulting  in  a spectrum  of  fragment 
sizes,  compositions,  and  deposition  locations. 

Tne  nature  of  che  nsKs  associated  witn  the  use  of  space  reactors 
and  tne  nature  of  the  events  that  embody  those  risks  provide  an 
insignt  into  the  structure  and  requirements  of  a safety  strategy. 
First,  safety  must  oe  a prime  concern  through  the  entire  life  cycle  of 
the  reactor,  from  conception,  througn  design  and  development,  througn 
manutacture  and  operation,  to  final  disposal.  L«cisions  and  actions 
taken  as  early  as  concept  derinition  can  affect  safety  as  late  as 
final  disposal.  Second,  tnere  must  be  a continuity  of  safety  concern 
that  spans  tne  many  institutions,  agencies,  and  organizations  that 
will  inevitdoly  oe  involved  with  tne  various  reactor  life-cycle 
phases.  Third,  althougn  safety  is  of  concern  in  all  mission  phases, 
particularly  severe  accident  environments  can  occur  during  launen  and 
reentry.  Furtner,  because  tnese  severe  environments  are  coupled  with 
launen  and  reentry,  they  are  coupled  witn  conditions  ana  motions 
capable  of  placing  hazards  in  a wide  range  of  locations.  Fourth, 
launch  or  reentry  accidents  would  be  “singular"  or  “araiuatic"  events. 
TniB  fact  may  influence  the  accident  frequency  or  the  lever  of  risk 
that  the  public  will  accept,  as  indicated  by  the  concept  of  "risk 
aversion"  (U.S.  Atomic  tnergy  Conmission,  1975)  and  by  the  influence 
of  irrational  fears  on  public  acceptance  (Weinberg,  1982) . 

Finally,  careful  analysis  and  testing  to  a very  high  degree  of 
survivability,  and  with  impeccable  credibility,  are  likely  to  ds 
required  to  achieve  appropriate  safety  and  to  dc  '^nstrate  its 
acnievement. 


OUTLINE  OF  A SAFETY  STRATEGY  ANU  ITS  IMPLEMENTATION 

A successful  strategy  for  the  afety  of  nuclear  reactors  in  space  will 
nave  at  least  three  major  components,  Tne  first  will  address 
institutional  and  organizational  coiKrerns,  tne  second  will  address 
physical  and  engineering  aspects,  and  the  third  will  address 
operational  policy.  Tne  conesive  operation  of  all  tnese  components 
wiii  be  r'.-quired  it  acceptaole  satety  levels  are  to  be  acnieved  and 
demons tr a tea. 
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Institutional  ana  Orcjanizationai  Aspects 

Satety  is  a prime  concern  in  all  phases  ot  the  reactor  lire  cycle, 
because  many  institutions,  agencies,  and  org:  .izations  are  irvolved 
tnro'jgnout  tnat  lire  cycle,  a single  organizational  entity  must  be 
re.upoiisible  to  provide  focus  and  continuity  to  safety  consiaerations . 
This  entity  must  assure  itself  that  the  various  national  (and 
agreed-to  international)  radiological  st^‘4adards  are  met  by  a 
particular  reactor  in  a given  mission.  These  standards  include,  but 
are  not  limited  to,  those  presented  in  DOE  54b0.1A,  Environmental 
Protection,  Safety  and  Health  Protection  Programs  for  DOE  operations, 
and  10  CFR  50,  Appendix  A.  General  Design  Criteria  for  Nuclear  Power 
Plants,  as  well  as  tnose  recommended  ana  agreed  to  by  the  United 
Natrons  International  Commission  on  Radiological  Protection. 

Safety  cannot  be  produced  simply  by  review  and  mandate;  it  must 
actually  be  achieved  in  operation.  Consistent  with  the  provision  of 
safety  continuity  througn  all  phases  of  the  life  cycle,  the 
responsible  organization  must  also  concern  itself  witn  operational 
organization,  procedures,  and  such  factors  as  personnel  seleccicn  and 
training . 

Tnis  organization  must  ensure  that  realistic  assessments  are  made 
of  the  lisKs  associated  with  the  use  oi  a specific  reactor  in  a given 
mission.  Tnese  assessments  involve  appropriate  reviews,  analyses,  and 
safety  experiments.  This  organization  must  also  ensure  appropriate 
independence  between  those  organizations  involved  in  these  activities 
and  tnose  responsible  for  program  activities  suci.  as  system 
development  and  mission  accorapiisiinient . i’nis  responsibility  is 
important  even  early  in  the  concept  selection  and  des.ign,  because 
surety  information  may  constitute  critical  design  information, 
especially  if  the  policy  of  inherent  safety,  presented  later,  is  to  be 
successful. 

It  IS  also  important  tnat  the  local  organization  satist:,  itself 
that  tne  general  safety  review  and  any  critical  analyses  or  tests  are 
understandable  oy  a rational  lay  public. 

Finally,  this  entity  must  undertake  tne  first  and  most  detailed 
value  judgment  implicit  in  satisryiug  tne  goal  that  a space  reactor 
mission  is  not  accompanied  by  "undue"  risk. 

At  present,  tne  launch  of  a space  reactor  by  tne  United  States  is 
approved  on  a case-by  case  basis,  with  the  authorization  being  given 
ly  the  President.  Questions  of  safety  form  a central  part  ot  the 
review  that  leads  uo  launch  approval  or  denial,  and  the  organizat  loria  L 
entity  responsible  for  consideration  of  tnose  questions  is  tne 
Interagency  Nuclear  Safety  Review  Par.nl  (iNSRP). 

The  relationship  between  le  pan®i,  those  organizations  providing 
safety  information,  ana  the  p rtir.ent  government  agencies  is  shown  in 
Figure  1 (Bennett,  198., . Tne  INSkP  cons.sts  oi  representatives 
appointed  ny  tne  secretary  of  Defense  (DOD) , tne  Administrator  ot  the 
National  -Xeronaut ics  anu  Space  Administration  (NASA),  and  the 
Secretary  oi  Energy.  .,tner  agencies  such  as  the  Nuclear  Regulatory 
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Coiomssion  (NRC)  , iiinvirorunental  Protection  Agency  (iriPA)  , ana  National 
Oceanic  and  Atmospheric  Administration  (NOAA)  also  participate. 

Tne  INSRP  issues  an  independent  safety  evaluation  report  and  a 
lecommendation  for  launch  approval  or  denial.  A recommendation  for 
approval  indicates  that  the  representatives  of  DOE,  DOD,  NASA,  and  the 
otner  participating  agencies  believe  that  the  launch  and  operation  of 
the  space  reactor  is  free  of  "undue  risk." 

The  existence  of  the  INSid?  satisfies  the  major  organizational 
strategy  requirements  cited  earlier.  It  proviaes  a single  focal 
entity  that  spans  the  various  organizations  involved  in  the  various 
reactor  life  cycle  phases.  The  panel  requires  and  uses  realistic  risk 
assessments  and  also  considers  the  application  of  appropriate 
radiological  standaras.  Further,  the  panel  has  the  ability  to  ensur 
the  consideration  of  safety  early  in  the  reactor  development,  at  the 
concept  definition  phase.  Witn  the  representation  of  various 
government  agencies,  it  has  the  ability  to  ensure  appropriate 
independence  in  safety  studies  and  can  bring  appropriate  resources  to 
bear  on  tnose  studies.  It  also  undertakes  the  value  judgement 
f.ssociated  witn  launch  approval.  In  the  future,  with  the  use  of 
larger  reactors  and  with  the  advent  of  more  complex  total  missions,  it 
may  be  necessary  for  tne  activities  and  concerns  of  the  panel  to 
evolve  in  the  direction  of  operational  considerations  even  more  than 
nas  occurred  in  tne  past.  Further,  the  panel  is  the  logical 
organization  co  consider  acceptance  of  space  reactors  oy  the  various 
publi'.^  constituencies.  Tn  general,  the  INSRP  proviaes  for  the 
organizational  considerations  of  the  strategy,  out  full  implementation 
in  the  future  will  probably  require  some  evolution  of  the  activities 
and  concerns. 


Pnysicai  and  Engineering  Aspects 

The  physical  concept  and  design  of  a reactor  may  produce  "inherent 
safety,"  oecause  it  is  physically  impossible  for  certain  events  to 
occur.  Other  design  aspects  may  ennance  safety  by  reducing  the 
probability  or  severity  of  hazards  in  a passive  or  active  manner. 
Consideral-ionr!  of  predictability  and  reliability  should  influence 
design  in  the  direction  of  inherent  safety  and  in  the  direction  of 
passive  systems  over  active  ones.  Tiierefore  the  overall  safety 
strategy  requires  that  inherent  safety  be  a pcirae  goal  in  concept 
definition,  system  design,  and  system  development.  Deviations  from 
inherent  safety  should  proceed  from  passive  to  active  systems. 

Ideally,  implementing  the  inherent  safety  strategy  lies  in 
designing  a reactor  that  is  intrinsically  subcritical  under  ail 
accident  conditions.  The  reactor  should  remain  subcritical  in  the 
event  of  deformation  or  damage  resulting  from  raecnanicai  rorces  such 
as  explosive  overpressure  and  impact  or  from  heat  due  co  a launch 
accidenv  or  reentry.  Intrinsic  subcritical ity  is  aiso  a design 
objective  with  to  immersion  and  flooding  of  the  reactor. 
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Ideally,  the  reactor  should  remain  sutx:ritical  even  if  this  inuDersion 
or  flooding  is  coupled  with  damage  to  the  reactor  or  its  controls. 

The  generax  idea  of  intrinsic  suocr iticality  has  been  discussed  by 
Buden  and  Bennett  (1982)  and  Bennett  et  al.  (1982) . The  influence  of 
requiring  subcritical  immersion  on  the  core  envelope  dimensions  of  a 
uranium-zirconium  hydride  reactor  with  a beryllium  reflector  was 
investigated  by  the  Atomic  Industrial  Forum  (1968) . The  results 
indicated  that  high  core  length-to-aiameter  ratios  were  required  to 
provide  subcriticality  in  water  with  a beryllium  reflector  of 
reasonable  thickness,  as  aemonstraced  in  Figure  2.  Although  other 
reactor  types  may  not  produce  such  geometrically  restrictive 
requirements,  there  is  certainly  an  indication  that  inherent  safety 
may  not  always  be  practically  achievable,  particularly  witn  regard  to 
all  the  events  related  to  launch  and  reentry. 

Par'-ive  systems  can  be  used  to  enhance  reactor  subcriticality 
duri  launen,  with  removal  of  such  systems  after  launch.  Use  of  the 
Space  Suuttxe  enhances  this  capability.  As  an  example,  an  integral 
bottom  core  disk  and  central  plug  or  boron  carbide  will  be  used  in  the 
SP-lUO  reactor  for  tnat  purpose  (Seabourn?  1982) . Further  examples 
are  passive  locking  systems  chat  immobilize  rotating  control  drums 
until  after  orbit  is  achieved. 

Passive  systems  nave  also  been  proposed  and  used  to  minimize  risks 
associated  witn  the  reentry  of  a reactor  after  some  period  of 
operation  (i.e.,  witn  some  remaining  radioactive  inventory).  Design 
of  the  reactor  so  that  reentry  heating  causes  breakup,  with  the 
ultimate  impact  of  nonrespirable  particles,  nas  been  proposed  as  an 
effective  way  of  minimizing  risk  (Bertram  and  pyatt,  1979),  and,  in 
fact,  uoe  (1982)  requirements  call  for  the  use  of  passive  systems  to 
achieve  suen  a breakup. 

Althougn  such  a breakup  has  the  potential  to  minimize  risk,  it  may 
not  meet  tne  second  objective  of  the  safety  strategy,  that  of 
obtaining  general  acceptance,  especially  if  numerous  reentries  are 
planned.  It  is  possible  that  this  second  objective  direct  efforts 
toward  total  containment  of  radioactive  materials  within  an  intact 
boundary  or  boundaries.  However,  Bar tram  ana  Pyatt  point  out  that 
uncontrolled,  intact  reentry  could  present  sareguards  problems  and 
that  intact  reentry  of  a large  enough  reactor  on  land  could  result  in 
high  radiation  doses  to  people  in  the  immediate  vicinity  (Bartram  and 
Pyatt,  1979) . Evidently,  the  questions  related  to  reentry  are 
difficult  and  beat  furtner  thought. 

Active  systems  for  safety  steps  such  as  core  dispersal  have  also 
been  proposed  and  used  but,  according  to  the  safety  strategy,  would 
constitute  a last  resort.  Explosives  have  been  considered  for  core 
dispersal,  and  the  Soviet  Union  employs  cnemicai  dissolution  for 
reentry  breakup  of  its  space  reactors  (Buden  and  Bennett,  1982} . The 
dissolution  may  be  semipassive  or  active,  depending  on  the  initiation 
mecnani sro. 

Active  systems  have  e’so  been  proposed  and  used  for  termination  of 
reactor  operation.  For  example,  reflector  control  drums  can  be 
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actively  disassembled  to  ensure  reactor  snutdown.  When  such  systems 
are  employed,  they  should  be  faii-sate  in  nature. 

The  Hierarchy  of  safety  using  physical  limitation,  passive  systems, 
and  active  systems  is  evidently  well  usea,  but  continuous 
organizational  discipline  is  required  to  ensure  that  all  the 
possibilities  at  each  stage  have  been  exhausted  before  the  next  stage 
is  allowed. 

The  second  element  of  the  strategy  related  to  pnysical  and 
engineering  aspects  is  that  the  success  of  reactor  safety  features  or 
the  achievement  of  safety  objectives  snould  be  as  independent  of 
mission  as  is  possible.  Mission  factors  (such  as  orbital 
characteristics)  should  not  be  used  to  achieve  basic  safety 
requirements.  This  strategy  element  is  based  on  the  proposition  that 
failure  ro  achieve  a given  mission  flight  profile  snould  not  cause  a 
fundamental  degradation  of  safety.  However,  this  general  approach 
does  not  preclude  active  attempts  to  enhance  safety  through  mission 
design  and  control. 

The  most  important  example  of  safety  enhancement  by  this  means  is 
through  the  selection  of  long-lived  orbits  to  allow  postoperation 
decay  of  tne  rad:.oactive  inventory  to  minimize  possible  release  to  the 
biosphere.  The  anticipated  decay  of  fission  product  inventory 
following  operation  of  the  SP-100  reactor  is  illustrated  i Figure  3 
(Palmer,  1982) , which  demonstrates  that  postoperational  orbital  lives 
of  about  300  years  or  more  will  reduce  the  radioactive  inventory  by  4 
orders  of  magnitude.  This  result  is  consistent  with  Bartram  and 
Pyatt's  contention  that  long  postoperational  orbit  lives  are 
advantageous  out  that  orbit  cycle  extensions  significantly  beyond  300 
years  do  not  reduce  risks  substantially  (Bartram  and  Pyatt,  1979). 
Using  a very  conservative  approach,  the  SNAP-lOA  reactor  was  placed  in 
a 4,000-year  orbit  before  it  was  started,  to  ensure  decay  to  very  low 
levels  (Bennett,  1981) . The  geosynchronous  orbit,  which  is  of 
interest  in  a number  of  mission  applications,  offers  an  essentially 
indefinite  orbital  life. 

Orbit  life  considerations  can  oe  complicated  by  postlaunch 
boosting.  Boost  from  a lower  orbit  to  a higher  orbit  can  occur  early 
in  the  mission  or  may  be  used  as  a disposal  technique.  For  example,  a 
reactor  could  be  placed  in  a low  earth  orbit  by  the  Space  Shuttle  ard 
chemically  boosted  to  a higher  orbit.  The  reactor  may  then  be  usee  to 
provide  power  for  nuclear  electric  propulsion  to  even  higher  orbits. 
Buden  et  al.  (i980)  indicate  that  if  nuclear  electric  propulsion  vere 
initiated  at  an  orbital  altitude  of  850  km,  there  would  be  ver/  '.ittle 
radioactive  inventory  in  the  event  of  reentry.  Figure  4 (Buoitn  ec 
al. , 1980)  illustrates  that  if  nuclear  electric  propulsion  wei  e 
initiated  at  orbital  altitudes  of  450  or  620  km,  the  radioact  ■jie 
inventory  during  reentry  would  first  increase  owing  to  cperati.ng  time 
spent  in  low  orbits,  out  that  as  the  operating  time  anu  oroitii 
altitudes  increased,  the  resultant  activity  at  leentiy  tM^nld 
diminish.  Obviously,  these  considerations  could  become  even  more 
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complex  xt  the  reactor  were  started  and  multiple  orbit  changes  were 
later  required. 

Boost  from  low  orbit  to  high  orbit  has  also  been  used  lor 
postoperationai  disposal.  The  current  U0£  (1982)  space  reactor  safety 
criteria  require  an  oroit  bcx>st  system  for  the  SP-100  reactor  if  it  is 
used  in  low  orbit,  witn  the  specif icat' on  that  the  booster  be  able  to 
provide  orbits  with  at  least  a 300-year  life.  The  Soviet  Union 
regularly  eiqploys  postoperationai  boost  for  disposal  of  its  RQHASIIKA 
reactors.  The  boost  is  typically  from  an  orbit  between  250  and  280  km 
to  a 900-lcm  orbit  following  their  operational  lifetisie.  The  disposal 
orbit  provides  lifetimes  of  100-1,000  years,  depending  on  ballistic 
coefficients. 

Clearly,  mission  flight  patn  characteristics  can  be  used  to  enhance 
safety  effectively.  Nevertheless,  the  reactor  system  should  be 

f undamenkaxiy  safe  regardless  of  flight  path. 

The  last  element  of  tne  strategy  related  to  physical  and 
engineering  aspects  is  that  tne  risks  associated  witn  che  use  of  a 
given  reactor  in  a given  mission  should  be  realistically  assessed 
using  probabilistic  safety  analyses  and  related  or  supporting  analyses 
and  tests.  For  important  focal  aspects  such  as  source  term 
limitation,  safety  performance  should  be  demonstrated  ny  appropriate 
compor.<>nt  tests  and  by  appropriate  full  systems  tests.  This  approach 
may  e>.tend  to  important  safety  systems  tnat  are  not  directly  part  of 
tne  reactor,  such  as  disposal  boosters. 

The  strategy  element  requiring  the  assessment  of  risks  through 
analyses  is  already  implemented  by  the  various  responsible  agencies, 
and  the  results  of  such  analyses  are  required  ii^ut  to  1NSP^P 
documents.  Tne  methods  employed  are  provided  by  the  Overall  Safety 
Manual  (NUS  Corporation,  1981) . Basically,  Che  analyses  consist  of 
three  steps: 

1.  be teriai nation  of  detailed  mission  events  having  the  potential 
for  causing  exposure  and  tne  determination  of  the  related 
probabilities  or  frequencies  of  tnose  events. 

2.  Determination  of  the  consequences  in  terms  of  numbers  of 
persons  exposed  to  various  levels  of  radiation  and  the  effects  of  tnat 
radiation. 

3.  Evaluation  of  the  nuclear  system  on  the  basis  of  risk  (a 
combination  of  probability  or  frequency  with  consequence) . 

These  analyses  are  not  limited  to  single  events  or  to  low 
probaoility  events  with  high  consequences.  The  more  probable 
sequences  of  events  are  examined  even  if  they  result  in  iK>rainaliy 
lower  consequences. 

.‘>o  far  as  reactor  testing  is  concerned,  various  tests  have  oeen 
used  or  proposed  to  evaluate  source  terms  and  reactor  system  behavior 
in  various  adverse  environments,  in  the  case  of  the  SNAPTKAN-2/10A 
reactor,  tests  were  conducted  on  mecnanical  reactivity  insertion  by 
rapid  control  drum  rotation  (Neai,  1985)  and  ror  the  case  of  water 
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iafsiftrsion  (Cordes  «t  al.,  1965).  Various  coaiponent  tests  are 
envisioned  tor  the  SP-lUO  reactor  related  to  sucn  factors  as  explosive 
overpressure  and  liire>  a..^ng  others  (Seabourn,  1982) . 

In  general,  the  requirement  tor  aiialysis  appears  to  oe  largely  in 
hand,  but  witn  the  limited  reactor  develr^went  that  has  occurred  thus 
far,  there  is  littie  experience  witn  the  implementation  of  a 
demonstration  test  program  involving  both  coaipunents  aud  full  systems. 
Me  recognize  that  the  costs  associated  with  implementing  this  approacn 
will  liKely  force  us  in  tne  direction  of  employing  a relatively  ssuill 
number  of  standardized  components  and  designs,  resulting  in  a modular 
approacn  to  meeting  operational  requirements  (such  as  variations  in 
power  requirements) . 


Operational  Policy  Aspects 

In  tnis  context,  operational  policy  simply  refers  to  operational 
choices  in  the  approach  to  tne  use  of  reactors  in  space.  The  first 
step  requires  that  a policy  of  phased  introduction  be  adopted. 
Implementation  of  tnis  policy  lies  in  seleccing  missions  with  hign  or 
geosynchronous  orbits  for  the  eariy  use  of  space  reactors.  Missions 
using  lower  orbits  should  oe  undert<iKen  only  after  experience  nas  been 
gained  with  operation  in  high  orbits  and  after  a level  of 
acceptance  has  been  achieved. 

The  second  step  requires  that  operational  procedures  and  methods  be 
developed  to  minimize  risii  by  such  actions  as  minimizing  the 
radioactive  inventory  at  any  given  mission  stage.  The  elimination  of 
prelaunch  operation  of  t^e  reactor,  as  in  tne  case  of  tne  ShAP-lOA 
launcn,  is  an  excellent  example  of  implementation. 


Strategy  Implementation 

The  institutional  and  organizational  requirements  of  the  strategy  are 
largely  addressed  oy  the  existence  of  the  INSKP.  This  body  provides 
for  safety  continuity  across  many  organizations,  nas  tne  potential  to 
ensure  careful  and  credible  safety  analyses  and  tests,  and  undertakes 
tne  primary  value  judgment  to  ensure  that  there  is  no  undue  risk 
associated  with  the  launch  of  a reactor  on  a given  mission.  In  the 
future,  tne  concerns  of  the  panel  may  evolve  in  tne  direction  of 
operational  considerations  and  in  tne  direction  of  ensuring  that  the 
objective  of  safety  demonstration  to  achieve  general  acceptance  is 
reacned . 

A hierarchy  of  techniques  using  physical  limitations,  passive 
systems,  and  active  systems  ic  in  effect  and  must  continue  to  be 
employed  to  maximize  safety.  Mission  flight  path  characteristics  can 
oe  employed  to  enhance  safety,  however,  both  approaches  will  require 
constant  organizational  discipline.  In  the  first  case,  we  roust  ensure 
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that  all  safety  possibilities  at  a higher  level  are  exhausted  before 
resorting  to  tne  easier  paths  of  tne  next  lower  level,  in  the  second 
case>  we  mist  ensure  that  aission  flight  path  considerations  are  not 
used  to  justify  relaxation  of  other  fundanental  safety  approaches. 

AS  far  as  safety  analyses  and  tests  are  concerned,  safety  analyses 
aetnous  are  known  and  regularly  applied,  aitnough  modeling 
inf>rovesttnts  will  no  doubt  be  isade.  However,  significant  additional 
effort  will  oe  required,  regarding  a full  reactor  safety  demonstration 
test  program,  if  safety  is  to  be  as(>ly  dea»nstrated.  Owing  to  the 
limitea  reactor  development  undertaken  to  date,  little  experience  is 
available  for  the  design  and  implementation  of  sucn  a test  program. 

The  proposed  policy  of  pnased  introduction  of  reactors  in  space  is 
consiaered  to  oe  important,  and  its  ramifications  should  probably  be 
investigated  furtner  under  the  auspices  of  tne  Office  of  Science  and 
Technology  Policy  and  tne  National  Security  Council,  because  these 
agencies  formally  request  presidential  autnorization  for  a given 
reactor  lauanch. 

The  basic  policy  of  limiting  risks  in  operation  is  evident  in  the 
elimination  of  prelaunch  reactor  operation,  but  the  concept  requires 
formal  development  for  all  mission  phases  and  also  requires 
verification  in  operation.  Cnee  again,  the  evolution  of  INSRP 
concerns  in  the  operational  direction  is  important  to  this  strategy 
element . 


CONCLUSIONS 

Fundamentally,  reactors  can  oe  amde  capable  of  safe  operation  in  space 
applications.  However,  as  the  number  of  sucn  applications  increases, 
the  probability  of  encountering  accident  conditions  that  challenge 
safety  factors  also  increases,  it  is  uniiKeiy  tnat  a suitably  low 
level  or  risk  will  be  reliably  maintained  in  the  absence  of  a 
complete,  agreed-upon,  articulated,  and  implemented  strategy  to 
achieve  it. 

An  outline  of  a str itegy  nas  been  presented,  founded  on  the  dual 
objectives  of  ensuring  that  reactor  operations  do  not  place  the 
public,  the  mission  personnel,  or  the  environment  in  undue  risk,  and 
of  demonstrating  safety  so  as  to  achieve  general  acceptance  of  the  use 
of  reactors  in  space.  The  nature  of  the  potential  risks  and  tne 
nature  of  the  events  tnat  emtxxly  those  risks  indicate  that  a 
continuity  of  safety  must  be  provided  throughout  the  entire  life  cycle 
of  tne  reactor  and  across  the  otany  organizations  involved  in  the 
different  life  cycle  phases.  Further,  severe  accident  environments 
can  be  produced  during  launch  and  reentry,  with  the  possibility  of 
placing  hazards  in  a wide  range  of  uncontrolled  locations. 
Consequently,  very  careful  analysis  and  testing,  to  an  extremmly  high 
degree  of  survi’-'^iiicy  and  witn  impeccable  credibility,  are  likely  to 
oe  required  to  achieve  appropriate  safety  and  to  demonstrate  its 
achievement.  This  strategy  outline  is  aimed  at  achieving  the  major 
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objectives  while  recognizing  the  implications  o£  the  demanding 
physical  environment. 

In  form,  the  strategy  outline  addresses  institutional  and 
organizational  concerns,  physical  and  engineering  aspects,  and 
operational  policy.  Much  of  tne  strategy  is  already  in  effect,  but 
some  inqportant  evolutionary  extensions  of  current  practices  and 
concerns  are  probably  required  for  full  implementation  in  the  future. 
The  INdKP  addresses  tne  institutional  and  organizational  aspects,  but 
with  the  advent  of  missions  requiring  extended  reactor  operation  and 
complex  flight  path  adjustments,  it  will  be  necessary  for  it  to 
address  operational  a'jpects  of  safety  very  carefully.  The  physjical 
and  engineering  practices  are  generally  well  developed,  but  the  design 
and  implementation  of  a safety  demonstration  program,  of  which  the 
major  aspects  are  to  be  understandable  by  a rational  lay  public,  will 
be  challenging.  The  policies  that  govern  the  overall  operational 
approach  to  the  placement  and  use  of  reactors  in  space  also  require 
specific  development. 

Although  a strategy  outline  is  presented,  it  cannot  be  considered 
definitive.  Dobry's  assessment  that  a substantial,  2-year  effort  is 
required  to  address  safety  objectives  and  criteria  along  with  a 
comprenensive  safety  program  probably  places  this  paper  in  a suitable 
perspective.  Ratner,  the  contribution  lies  in  the  thesis  tnat  a 
well-developed  strategy  is  needed,  that  such  a strategy  must  consider 
a variety  of  factors,  and  that  to  be  successful  it  must  be  agreed  to 
and  articulated  by  tne  various  institutions  and  agencies  involved 
witn  space  reactors.  The  early  dv'velopment  of  a complete  safety 
strategy  will  probably  prove  crucial  to  the  long-term  viability  of  a 
reactors-in-space  program  and  to  whether  tne  use  of  sucn  reactors 
becomes  commonplace  in  modern  life. 
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FIGURE  1 


The  INSRP  and  ^ts  organizational  envxronment 


FIGURE  2 The  effect  of  subcritfcality  requirement  on  core 
envelope  geometry. 
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FIGURE  3 The  reduction  in  radioactive  inventory  as  a function 
postoperational  orbit  life  for  the  5P-100  reactor. 


FUTURK  Ri::GULATION  OF  SPaC£  NUCLtAR  POlite.H  SYSTtMS 


L.  M.  Ntintxing 
ABencan  Nuciedr  Society 
Washington,  D.C.  2003t> 


None  of  tne  2J  nuclear  power  systems  used  thus  far  to  supply 
electricity  or  neat  for  space  missions  has  been  subject  to  licensing. 
The  basis  rur  exemption  was  ouvious  for  tne  first  five  nuciear-powered 
missions,  which  involved  i^partment  of  Defense  (OQd;  "svigational 
satellites,  and  for  two  subsequent  DOD  missions.  The  Atomic  t.nergy 
Act  exempts  UOO  from  licensing  wnen  its  acquisition  or  use  of  nuclear 
materials  or  facilities  is  for  military  purposes. 

Once  the  National  Aeronautics  and  Space  Administration  (NASA) 
entered  the  picture  as  owner  ano  user  of  tne  space  vehicles,  tn ; 
'"-bUation  became  less  clear-cut.  The  Atomic  Energy  Act  provide  i no 
exemption  from  licensing  for  government  agencies  other  than  OOu  and 
the  Department  of  i:;nergy  (DOE)  . 

’^o  reasons  were  nevertneless  advanced  to  justify  continuing  the 
exemptions.  Tne  first  was  that  the  development  and  production  of 
^pdce  power  devices  oy  DOE  and  its  predecessors  were  in  fulfillment  of 
i.ne  reseaccn  and  developaenc  responsibilities  assigned  to  these 
agencies  in  tne  Atomic  Energy  Act.  One  might  conce  vably  question 
this  oasis  tor  exemption  on  the  grounds  mat  certain  of  tne  numbered 
SNAP  (aystems  for  Nuclear  Auxiliary  Power)  systems  were  used  several 
times.  SNAP-27,  for  example,  was  employed  on  six  missions;  SNAP-IS  on 
tnree.  Did  tins  repetitive  use  constitute  an  operational  phase 
distinct  from  research  and  aeveiopoMint?  The  prevailing  view  appears 
to  oe  that  it  did  not.  Essential  to  tnis  finding  nas  oeen  due's 
avowal  tnat  in  tne  deveicpiient  of  succeeding  SNAP  devices,  even  tnose 
tnat  bore  tne  same  identifying  number,  there  was  a continuing  effort 
to  improve  perfoimance  and  safety  characteristics. 

One  can,  nowevei,  *“”'«ion  a time  when  tre  technology  will  have 
become  so  mature  and  so  wideiy  usea  tnac  there  may  be  repetiti^'e 
production  oy  DOE  of  essentially  id;  tical  models,  cr  changes  that 
represent  little  more  than  prcxluction  refinements  not  significantly 
advancing  the  state  of  the  art.  Under  such  circumstances,  it  could  be 
argued  that  DOE  wouxd  no  longer  be  engaged  in  research  and  development 
on  these  devices  and  that  tnis  basis  tor  a licensing  exemption  for 
users  other  than  000  or  DOE  itself  would  no  longer  be  valla. 
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The  ««cond  basis  of  feted  for  ciaiaiiig  an  exen^tion  from  iicr  ising 
for  the  nuclear  power  devices  on  NASA  missions  has  rested  on  the  fact 
that  by  special  agreement  between  the  agencies,  DOU  retains  title  to 
the  devices  und  their  nuclear  materials  throughout  the  project. 
Further,  since  DOE  personnel  participate  to  the  nument  of  launch, 
possession  is  alsc  attributed  to  DOri.  Consequently,  the  contention 
has  been  that  the  exemption  provided  in  the  Atomic  Energy  Act  for 
UC.i's  own  activities  applies  ana  tnat  the  projects  are  subject  to 
doe's  internal  health  and  safety  controls  rather  than  to  the 
regulations  of  the  Nuclear  Heguiatory  Commission  (NRC) . 

It  Might  be  asked  why,  in  view  of  this  basis  for  exenqption,  ixie:  has 
suojected  its  own  Clinen  Kiver  Breeder  Reactor  (CRBk)  project  to 
licensing  procedures.  The  answer  appears  to  be  that  this  was  not  due 
initially  to  any  legal  requirement  but  to  a deliberate  government 
decision,  one  of  whose  purposes  was  to  establish  that  a breeder 
reaccor  co'ila  be  licensed  in  the  United  States.  Subsequently,  the 
full  licensing  apparatus  of  the  NRC  was  applied  to  che  CRBK. 

Some  disagreement  has  been  reported  within  the  government  as  to  the 
validity  of  the  second  basis  for  exempting  the  SNAP  devices  in  NASA 
missions  based  on  DuE  ownership  and  possession.  According  to  one 
view,  Uie  fact  tnat  NASA  assumes  opperational  control  of  the  nuclear 
power  systems  at  tne  moment  of  launch  and  retains  it  thereafter  during 
all  the  period  of  risk  has  the  effecc  of  giving  NASA  possession  under 
tne  terms  of  the  Atomic  Energy  Act  and  would  make  the  systems  subject 
to  licensing  were  it  not  for  the  research  and  development 
cons idcration. 

1 mention  this  legal  controversy  onl^'  because  it  may  have 
implications  for  the  future,  it  does  not  appear  to  have  current 
significance.  The  next  launenes  involving  nucleir  power  devices  are 
not  scheduled  until  19B6,  and  the  systems  now  plenned  appear  to 
involve  advances  tnat  would  clearly  qualify  them  for  exemption  under 
tne  research  and  development  provisions  of  the  Atomic  Energy  Act. 

When  we  speak  of  licensing,  we  do  not  infer  that  its  absence  in  the 
space  nuclear  power  program  to  date  implies  any  lack  of  appropcia^..' 
safety  requirements  or  of  adequate  analysis,  review,  and  approval 
procedures.  On  the  contrary,  an  effective  interagency  review  process 
has  existed  from  the  outset.  Since  its  formulation  under  presidential 
directive,  tne  mechanism  nas  been  centered  in  the  Interagency  Nuclear 
Safety  Review  Panel  (INSKP) , with  members  from  DOE,  OOD,  and  NASA. 

As  a further  protection  of  tne  public  safety,  the  presidential 
directive  also  sianaates  k w partiripation  of  NRC.  There  appears  to 
have  been  a spirited  controversy  within  NRC  during  the  late  1970s  as 
to  how  the  commission  snould  participate.  One  view  was  that  tne 
circumstances  required  NRC  to  unuertake  an  independent  review  of  the 
safety  aspects  of  each  proposed  mission,  even  to  tne  point  of 
establishing  an  organizational  unit  for  that  purpose.  An  oppocing 
view  was  that  it  would  be  sufficient  for  NRC  to  participate  in  the 
interagency  review  process  as  an  observer,  contributing  to  the  process 
in  its  areas  of  expertise  but  without  adopcing  an  agency  position 
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except  in  caees  where  it  teit  that  a vitax  issue  or  concern  was  being 
misnancUed  in  a serious  way.  The  fact  that  this  second  view  prevailed 
can  be  interpreted  as  a vote  of  confidence  in  the  interagency  review 
process  by  the  NHC. 

It-  should  be  added  that  while  it  is  not  required  by  the 
presio'^ntial  directive  to  do  so,  the  interagency  panel  has  also 
enlisted  tne  participation  as  observers  of  the  Er.vironnental 
Protection  Agency  and  the  National  Oceanic  and  Atmospheric 
Adcinistration. 

The  space  nuclear  power  healtn  and  safety  regime  that  has  developed 
thus  far  has  been  successful.  One  indication  of  this  success  would 
seem  to  be  the  fact  that  although  three  U.S.  space  missions  with 
nuclear  power  devices  were  aborted,  there  has  been  no  evidence  of  any 
resulting  human  injury. 

What  of  the  future?  There  is  a likelihood  that  future  spacecraft 
will  require  larger  amounts  of  power  and  hence  larger  fuel 
inventories.  The  hazards  involved  and  the  burden  on  the  health  and 
safety  regime  can  be  expected  to  increase  proportionately. 
Nevertheless,  if  future  space  use  of  nuclea.  power  sources  continues 
to  oe  very  limited  and  noncommercial  in  character,  it  would  seem 
reasonable  to  continue  the  type  of  review  that  has  existed,  centered 
in  tx)e  interagency  panel.  On  the  other  hand,  if  there  is  to  be  a 
greatly  expanded  program,  not  primarily  experimental  in  character, 
including  commercial  enterprises  and  involving  the  launching  into 
space  of  a singnificant  amount  of  nuclear  material,  then  we  would  have 
a different  situation  that  could  call  for  some  changes. 

Tne  commercial  ventures  and  perhaps  some  otner  uses  may  need  to  be 
licensed,  in  such  a more  active  future  for  space  nuclear  power,  some 
buttressing  might  particularly  be  needed  of  the  system's  truth-seeking 
capability  with  respect  to  the  nature  and  the  degree  of  risk. 
Appraising  risks  is  an  endeavor  in  which  our  society  has  not 
particularly  distinguished  itself.  Witness  the  uncertainties  that 
have  been  experienced  in  trying  to  reacn  assured  judgments  as  to  the 
degree  of  hazard  involved  in  the  use  of  pesticides,  of  saccharin,  of 
marijuana,  of  various  promising  pharmaceuti tals,  and,  indeed,  of 
nuclear  power  itself,  to  name  just  a few.  fuch  appraisals  of  risk  are 
basic  to  the  go/no-go  decisions  faced  by  our  administrative  and 
political  apparatus.  They  appear  again  and  again  to  have  been  the 
weak  side  of  the  risk/benefit  equations  underlying  such  decisions.  It 
is  no*-  surprising  that  tnis  has  been  true — the  investigatory  task  of 
identifying  and  measuring  hazards  can  be  enormously  difficult. 

How  are  we  to  shore  up  our  truth-seeking  capability  as  to  the  risks 
of  the  multiple  use  of  nuclear  power  in  space,  including  use  by 
commercial  enterprises?  1 suggest  that  we  should  do  what  an 
individual  person  might  oo  when  >?onfronting  a nazaroous  medical 
procedure,  namely  seek  a second  cpinion.  The  second  inion  I have  in 
mind  would  not  be  an  opinion  of  vhether  a project  should  be  approved 
or  not,  or  %rhether  it  should  go  or  not  go.  Thei. -»  need  be  no  such 
second-guessing  of  the  approval  process  as  performed  by  the  current 
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interagency  panel.  To  repeat,  the  second  opinion  would  be  confined  to 
shoring  up  the  truth-seeking  capability  in  the  approval  process  with 
respect  to  the  perceived  degree  of  risk. 

Specifically,  what  I have  in  wind  for  this  h/putnetical  period  of 
greatly  increased  activity  is  the  establishaent  of  wuat  eight  be 
called  a Space  Nuclear  Power  Systees  Safety  Board,  in  aeBbership  and 
operation,  the  board  might  resemble  the  Advisory  Committee  on  Reactor 
Safeguards.  Thus  its  members  would  be  leaders  of  the  scientific  and 
technical  community  who  have  unimpeachable  credentials  in  the 
disciplines  primarily  involved.  They  would  serve  on  a part-time 
basis,  supported  by  a small  full-time  staff.  Their  proceedings  would 
be  as  open  as  national  security  permits,  taking  evidence  from  all 
interested  parties,  including  government  agencies.  They  would  not, 
however,  be  adversary  proceedings,  with  all  their  procedural 
complexity.  The  ooara  would  esipnasize  truth  finding,  not  procedural 
legalities. 

I am  leaving  open  the  question  whether  the  findings  of  the  board 
should  be  binding  on  the  decision  amkers  or  merely  advisory.  Even  in 
tne  latter  case,  it  would  be  persusMd  that  the  prestige  of  the 
individual  members  and  of  tne  board  as  a whole  would  ensure  that  its 
findings  carried  important  weight  and  that  they  would  in  virtually  all 
cases  be  factored  into  tne  deliberations  of  che  decision  makers. 

An  important  part  of  tne  activities  of  the  board  might  nave  an 
international  prespective.  Bearing  in  mind  that  space  missions 
launched  by  any  country  can  place  at  risk  the  citisenj  of  other 
countries,  tne  board  should  make  public  all  its  findings,  within 
limits  of  national  security,  and  should  report  regularly  to  an 
appropriate  United  Nations  oody  about  its  activities. 

Establishment  of  sucn  a safety  board  can  have  benefits  not  only  on 
the  plane  of  reality  out  also— as  can  sometimes  be  almost  as  important 
in  tne  field  of  public  regulation — on  the  plane  of  appearances  as 
well.  This  may  be  particularly  important  regarding  continued 
activities  by  the  interagency  panel.  Tnere  is  a wiaesprcad  public 
preception  that  when  program  sponsors  are  evaluating  risks, 
technological  enthusiasm  can  overwhelm  prudence.  It  was  just  su«'h  a 
preception  that  led  Congress  in  1974  to  break  up  the  Atomic  Energy 
Commission  (AEC)  and  split  off  its  regulatory  function. 

I am  aware  that  in  the  present  interagency  panel  process  the 
leading  individuals  in  the  safety  review  are  well  insulated  from  the 
mission  program  offices  in  their  respective  agencies.  This  was  true 
in  the  ABC  as  well,  however,  and  had  little  impact  on  public 
perceptions.  The  fact  that  the  activitieu  are  carried  on  under  the 
same  rod,  administratively  speaking,  has  always  been  sufficient  to 
breeo  che  suspicion  of  a conflict  of  interest.  The  finaings  of  the 
safety  board,  to  the  extent  that  they  corroborate,  or  are  not 
inconsistent  with,  those  cf  the  interagency  panel,  can  help  to  aiapel 
any  such  suspicions,  to  reinforce  the  decisions  of  the  panel  in 
individual  cases,  and  to  buttress  its  general  standing  in  the 
community. 
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However » this  effect  on  tne  plane  c£  appearances  will  be  but  an 
incidental  benefit  of  ti:e  safety  board,  one  hardly  sufficient  by 
itself  to  justify  i*.s  establishment.  The  main  reason  for  having  such 
a board  will  continue  to  be  found  in  the  needed  contiibution  it  makes 
to  truth-seeking  capaaility.  The  rationale  is  well  expressed  in  the 
following  remarks  made  recently  oy  J.  G.  Kemeny,  prenident  of 
Dartmouth  College  and  chairman  of  the  President's  ;oiailttee  on  the 
accident  at  Three  Mile  Islanat 

We  have  to  have  a forum  for  effective  discussion  of  highly 
technological  issues  so  that  there  is  a clear  consensus 
about  what  science  and  technology  say  about  a.n  issue. 

Then  the  political  process  can  make  the  valui!  judgment. 


SAFETY  THROUGH  TBCHWICAL  IM^mUTY 


N.  N«9n«£ 

Basic  Energy  Teennoiogy  AuociateSf  Inc. 
Arlington,  Virginia  ri:209 


I nave  been  asked  to  discuss  sosm  aspects  s the  federal  governaent's 
point  ox  view  of  what  it  takes  to  create  jinn  run  a large  successful 
space  nuclear  prograa  in  which  the  health  an  safety  of  the  public 
■ust  be  a aajor  concern. 

The  views  I will  express  today  are  ay  owr  and  do  not  necessarily 
reflect  those  of  any  governaent  agency.  Alio,  1 do  not  represent,  nor 
an  I a spokesman  for,  any  part  of  ttie  Ce  iCral  governaent.  1 speak  as 
a private  citixen  wno  just  happens  tc  *iave  had  soae  nuclear  experience 
in  the  feaeral  governaent.  1 nave  r-  »xperience  in  space  technology. 

Trie  basis  for  ay  coasants  is  2'.  y' are  of  working  in  the  field  and 
at  the  headquarters  organisation  of  the  Navai  lt?actors  Program  under 
the  leadership  of  Admiral  U.  G.  Kickover.  1 left  that  program  and  the 
federal  government  in  1979,  after  having  spent  the  previous  15  years 
as  the  deputy  Director.  That  program  chalked  up  an  enviable  safety 
record  since  its  beginning  in  1948.  Today  the  Navy  has  more  than  130 
nuclear-powered  snips  in  operation  that  nave  steamed  over  150  million 
miles  and  have  clocked  more  tnan  2,400  reactor  years  of  operation 
without  having  nad  any  adverse  effect  on  the  health  and  safety  of  the 
public  or  the  environment.  Maybe  some  of  the  lessons  learned  in  that 
program  could  be  nelpful  in  the  program  you  are  discussing  at  this 
symposium. 

First  a worn  about  nuclear  safety  as  it  pertains  to  this  project 
and  to  the  public  and  tne  environment.  In  a project  such  as  the  one 
being  discussed  here  today,  the  federal  governaent  will  bear  the  full 
responsibility.  The  law  requires  that.  The  requirements  will  be  more 
stringent  than  those  now  imposed  on  other  nuclear  power  programs, 
since  the  consequences  of  a failure  could  be  more  serious  *nd  more  far 
reaching.  If  a project  such  as  this  is  to  cosm  into  exi'itence,  the 
government  will  have  to  use  metxKads  and  approaches  that  are  departures 
from  the  past  and  present  but  that  nevertheless  incorporate  tne 
knowleage  gained  from  those  experiences,  both  the  good  and  the  bad. 

The  metnods  used  today  for  evaluating  nuclear  safety  and  the  means  of 
achieving  it  in  tiie  design  will  not  suffice  for  this  project. 

Entirely  new  concepts  bearing  on  nuclear  safety  will  need  to  be 
developed.  Systems  and  equipaant  will  need  to  work  with  a higher 
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d«9r««  of  coctaxnty.  Ttt*  rol«  ci)«  f«d«rai  govornaant  aliould  play  in 
tdia  andoavor  is  what  X intand  to  discuss. 

lha  succass  of  any  prograa  of  sucb  aagnituda  oapands  upon  ttia 
totality  of  tba  prograa.  By  that  I aaan  that  you  cannot  taka  a piaca 
bara  and  tbara#  accapting  tba  aaay  parts*  cajacting  tba  difficult*  and 
than  axpact  it  to  work.  Tnara  is  no  siapla*  assy  way. 

I an  raaindad  of  a situation  that  illustratas  this  point.  A nuabar 
of  yaars  ago*  Adairal  Kickovar  and  I wara  out  in  tha  Pacific  and 
talking  to  a sanior  adairal  in  charga  of  a larga  nuabar  of  ships.  Ua 
roicad  his  concarn  tnat  so  aany  of  his  nonnuclaar-powarad  ships  wars 
not  capabia  of  aiisting  thair  coaaitaancs  bacausa  thay  wara  always 
braaking  down.  Ila  bad  nothing  out  tba  bigbast  praisa  for  nis 
nuclaar-powarad  ships  bacausa  thay  invariably  wara  fully  oparational. 

Ua  askad  Adairal  Rickovar  to  piaasa  provida  nia  with  a copy  of 
Rickovar's  aaintananca  procaduraa  so  that  ha  could  oistributa  thaa  to 
his  nonnuciaar  ships.  Ua  was  ganuinaly  convincad  that  all  ha  naadad 
was  tha  procaduras  so  that  ha  could  distributa  thaa  to  his  ships  and 
tnan  thay  would  all  work  just  fina.  Ua  did  not  raalisa  that  tha  high 
raliability  of  tha  nuclaar  plants  inaolvad  an  antira  spactrua  of 
alaaants*  including  dasign*  aanufacturing*  tasting*  parsonnal* 
training*  in^action — just  to  asntion  a faw.  I will  not  ralata  tha 
discussion  that  foliowad*  but  naadlass  co  say*  tha  Flaat  Adairal  did 
not  gat  tna  procaduraa.  Bowa':ar*  ba  did  gat  a starn  lactura.  I aa 
afraid  tbata  ara  too  aany  wall-aaaning  paopla  who  think  that  thara  is 
aoaa  cookbook  approach  to  gatting  safa  and  raliabla  anginaaring  plants. 

That  is  why  1 was  at  first  raluctant  to  spaak  on  this  subjact  bara 
today.  It  is  as  if  X had  all  tha  snswars  and  I an  up  bara  providing 
you  with  a list  of  tan  or  so  things  to  do.  Than  if  you  do  tbasa 
tnings*  avarytning  will  fail  into  piaca.  Lac  aa  aaphasisa  at  tha 
bag inning  that  nothing  could  ba  farthar  froa  tna  truth.  All  I can  do 
is  to  hit  on  a faw  points  that*  in  ay  opinion*  if  thay  ara  not 
covarad,  will  laad  to  problaaa — thay  will  not  guarantaa  succass. 

First  of  all*  a national  coaaitaant  to  tha  prograa  is  nacasaary. 

In  othar  words*  thara  aust  ba  a racognisad  naad  and  an  astablishad 
aission  for  what  you  ara  attainting  to  produca.  X aa  raaindad  of  a 
prograa  that  has  loas  siailarity  with  tha  ona  undar  discussion  hara 
today — tha  Aircraft  Nuclaar  Prograa.  Prasidant  Kannady*  whan  ha  andad 
ANP  in  1962*  kapt  asking  if  wa  raally  naadad  it.  Whan  tha  answar  was 
no*  not  raally*  tha  prograa  was  dasd..  Naka  sura  that  thara  is  an 
indisputabXa  naad.  Too  of tan*  proja<  ts  gat  startad  bacausa 
contractors  ara  looking  for  work.  Tht>y  draaa  up  a naw  davica  or 
gadgat  that  will  taka  yaars  to  davalo(  and  lots  of  aonay.  Now  thay 
bava  got  to  find  a sponsor*  and  baliava  ns*  thay  hava  found  soaa 
inganious  ways  of  convincing  tha  govarnaant  that  thara  is  a dira  naad 
for  this  thing*  whatavar  it  is.  In  sons  casaa  thay  could  not  cara 
lass  what  it  is  to  ba  usad  for  as  long  as  tha  govarnaant  supports  it. 

If  this  is  a dascription  of  tha  projact  baing  conaidarad  at  this 
syiq>osiuB*  than  you  ara  dooaad  to  failura.  You  will  also  naad  support 
within  tha  administration  . id  tha  Oongrass.  It  halps  if  tha  naad  is 
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so  close  ciist  its  iifs  doss  not  dspsnd  on  Um  rssults  of  tbs  slsctions 
bsio  svsry  four  yssrs.  1 will  not  dwsll  on  bow  you  gst  thin  typs  of 
support,  but  without  it,  you  go  nowtasrs. 

Ones  nsving  dscidsd  tbst  tbsrs  is  s coapslling  nssd  for  wbst  you 
srs  stts^>ting  to  dc  snd  you  bsvs  tns  nscssssry  support,  you  can  start 
laying  tbs  groundworR  to  gst  it  ^ns. 

Sines  aors  than  ons  agsncy  of  tbs  gowsrnasnt  can  and  will  bs 
invoivsd,  it  is  ssssntial  that  tbs  group  running  tbs  project  havs  ebs 
authority  to  act  within  sacb  of  tbs  various  agonciss.  For  sxaapls, 
tbs  director  of  tbs  project,  and  for  tbs  saRs  of  this  discussion  I 
will  call  bia  tbs  nuclear  project  director,  should  havs  a position  of 
authority  witnin  sacb  agsncy.  If  tbs  prograa  is  of  sufficient 
isportancs,  it  asy  taRs  an  saacutivs  order  to  achieve  this.  At  least, 
tbsrs  needs  to  bs  » written  asaoranoua  cf  understanding  between  tbs 
agencies  that  gives  nia  authority  to  act  across  tns  agencies. 

Selecting  a nuclear  project  director  to  bead  tbs  effort  then 
oecoass  tbs  single  aost  isportant  issue.  Toe  person  selected  should 
os  ccaaittsd  to  rsaain  in  tbs  job  for  at  least  10  years — tbs  longer 
tbs  better,  or  course  be  can  be  cpplaced  if  tbs  need  arises.  He 
should  have  nsd  soae  record  of  aocoaplishaent  and  be  an  engineer — not 
a pure  scientist  or  a aanageasnt  expert.  Tbs  right  person  will  be 
bard  to  find. 

It  will  then  oe  up  to  the  nuclear  project  director  to«star( 
asseebling  a technical  group.  This  group  should  consist  essentially 
of  engineers,  it  should  be  a relatively  saall  group  of  highly 
competent  people  woo  are  willing  to  coaait  tbeaselves  for  the  long 
haul.  In  oraer  to  attract  and  retain  the  calibre  of  people  needed, 
the  project  needs  to  have  the  ...ae  types  of  personnel  exemptions  froa 
the  requireaents  of  the  office  of  Personnel  Nanageaent  as  did  the 
Atomic  Knergy  Ooaaission  (ABC) , the  Nuclear  Itsgulatory  Ooaaission 
(NiC) , and  the  National  Aeronautics  and  Space  Agency  (NASA) . The 
group  sbouia  oe  located  in  tne  Nasbington,  u.C. , area. 

The  group  should  Oe  given  the  responsibility  for  all  eleaents  and 
phases  of  tbe  prograa,  such  as  research,  developaent,  testing,  design, 
aanufacture,  operation,  and  fiscal  control.  However,  this  group 
snould  be  responsible  only  for  tbe  reactor  and  its  power -producing 
equipment,  not  tbe  entire  space  vehicle. 

A governasnt  laboratory  will  in  all  liRelibood  be  selected  to  do 
tbe  actual  worR.  There  are  a lot  of  dos  and  don'ts  involved  here. 

Tne  laboratory  designated,  or  that  portion  of  it,  should  be  totally 
dedicated  to  this  project,  and  to  this  proj«.ot  alone.  The  government 
and  contractor  managers  of  the  laboratory  should  report  directly  and 
solely  to  tne  nuciear  project  director.  The  contract  between  the 
government  ana  the  laboratory  contractor  should  be  adainistered  and 
controlled  oy  tbe  nuclear  project  director.  Sufficient  safeguards 
should  be  in  tne  contract  to  prevent  tne  contractor  from  using  this 
laboratory  as  a place  to  train  bis  people  at  government  expense  for 
other  worR.  The  nuclear  project  director  should  have  approval 
authority  over  tbe  aanagement  of  tbe  laboratory. 
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Since  the  product  you  envision  is  only  s part  oC  the  total  package^ 
tnere  is  a need  for  tne  nuclear  project  director  to  work  with  those 
responsible  for  the  other  parts.  He  aust  be  the  final  authority  on 
any  matter  that  could  directly  or  indirectly  affect  reactor  safety. 

There  will  be  a tendency  to  establish  one  or  aK>re  so-called 
"oversight  committees."  One  of  them  could  well  be  a "nuclear  \afety 
oversight  committee r"  that  would  supposedly  resolve  disputes  among  the 
various  directors.  Although  I think  that  these  conmittees  are  of 
little  value  if  tne  nuclear  project  is  hanoled  properly,  and  can  even 
be  narmful,  1 suspect  that  with  the  current  mood  regarding  anything 
nuclear,  you  will  not  oe  able  to  avoid  then.  Tney  do  need  to  ue  kept 
to  an  absolute  minimum. 

A project  of  this  size  will  oe  expensive  and  will  take  years  to 
complete.  Because  of  this,  tnere  are  a number  of  pitfalls  that  have 
to  be  avoided.  Tne  government  must  guard  itself  against  being  lulled 
by  those  who  will  say  in  the  beginning  that  the  job  qa"  ^ done  for  X 
millions  of  dollars  and  in  Y nusiber  of  years.  They  are  expert  at 
painting  rosy  but  unreal  pictures.  They  are  also  expert  at 
downplaying  technical  problems  with  the  old  hack,  "Oh!  that's  just  a 
minor  problem  viiat  can  easily  be  solved."  It  just  is  not  so.  1 am 
reminded  of  a proposal  made  by  a large  reputable  nuclear  aesign  outfit 
not  too  many  years  ago  seeking  a Navy  contract.  One  element  of  the 
design  had  a fluid  operating  at  minus  300<>  separated  oy  a 0.25-in. 
metal  plate  from  another  fluid  operating  at  300QO.  when  asked  about 
the  metallurgical  and  heat  transfer  properties  of  the  plate,  the 
contractor  just  waved  it  off  with,  "nie  don't  tnink  that's  going  to  be 
a problem." 

Big  projects  tend  to  get  bigger  as  contractors  see  avenues  to  keep 
their  people  eoqployed  longer  »nd  to  make  their  companies  more 
profitable.  There  will  be  a tendency  to  use  this  project  to  enter 
into  all  kinds  of  new  research  and  development  projects.  Only  a 
strong  nand  by  the  nuclear  project  director  can  control  this. 

Allow  me  to  discuss  for  a few  mosMnts  tne  problems  of  the 
bureaucracy.  Unfortunately,  it  is  a fact  of  life  you  cannot  avoid, 
but  you  can  try  to  make  it  less  stifling.  Admiral  Kickover  stated  a 
number  of  times  that  had  he  tried  o get  the  NAUTILUS  built  in  the 
1970s,  he  could  not  have  done  it  ...i  less  than  10-15  years  and  would 
have  required  at  least  10  times  the  cost  because  of  the  increi.sed  size 
of  the  bureaucracy.  A serious  problem  brought  about  by  bureaucracy 
involves  changing  the  mission  requiresMnts.  A number  of  programs 
suffered  this  fate,  including  ANP.  As  the  government,  including  the 
military,  are  continually  changing  people,  you  are  subject 
periodically  to  being  given  new  and  usually  more  difficult  mission 
requirements.  For  a program  that  extends  over  some  10  years,  this  can 
be  a problem.  As  I understand  your  project,  it  will  or  could  directly 
involve  a number  of  government  agencies i the  Department  of  Knergy 
(DOE) , the  DepartsMnt  of  Defense  (DOb) , and  NASA.  You  can  also  expect 
"help"  from  several  others,  including  State,  the  Environmental 
Protection  Agency  (EPA) , NKC,  Commerce,  Health  and  Human  Services, 
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lnt«Kioc»  Labor,  ana  Paraonnel  Managasant.  Tbia  la  not  to  ovarlook 
tba  Mbita  Uouaa  witn  UMb  (Offica  of  Managaaant  and  Budgat) , and  tba 
Offica  of  tba  Bciantitic  Adviator#  or  Oongraas  with  Ita  growing  nuabar 
of  intaraatad  coaaiittaas  and  GAU  (Uanaral  Accounting  Offica) . Bacb  of 
tnaaa  groupa  faala,  wltn  aoaa  dagraa  of  justification,  that  It  bas  a 
iagai  rlgbt  to  know  wbat  la  going  on,  particularly  If  It  Invoivaa  Ita 
araas  of  intaraat.  Tba  task  of  tba  nuclaar  projact  dlractor  la  to 
attaapt  to  waava  nls  way  through  this  aorasa  on  a dally  baala.  Ha 
doas  this  bast  If  ba  nas  two  attrlbutaa  on  bla  slda.  Ona  la 
ccadlblllty.  It  is  bard  to  ccaa  by,  but  It  la  acawtblng  that  can  ba 
acblavad.  That  la  wny  aaiactlng  tba  rlgbt  dlractor  bacoaaa  so 
iaportant.  Tna  sacond  attributa  la  authority.  Ha  aunt  bava 
sufficlant  authority,  within  tna  aganclaa  ba  la  working  with,  to  ba 
aoia  to  spaak  and  bava  bla  volca  baard. 

As  1 praviously  aentionad,  an  anglnaar  should  run  tba  projact.  Tba 
vast  majority  of  tba  touga  problaaM  will  ba  anglnaarlng  problaaa,  not 
sciantlric  problasw.  Tbara  will  ba  a naad  for  aclantlsts,  but  tbay 
will  nave  to  oa  controllau)  otbarwlsa  tba  projact  will  ba  foravar 
pursuing  idaas  ratbar  than  producing  rasulta.  Anotbar  group  that 
neaos  to  ba  controilad,  or  battar  still,  axcludad,  is  tba  so-caliao 
■anageaant  axparts.  Unfortunataly , industry  and  tba  govarnaent  ara 
loadau  with  tnaa,  ana  thay  ara  all  looking  for  a hoaa.  Tha  succass  of 
this  program  will  ba  datarainad  by  tha  ability  to  solva  difficult 
anglnaarlng  proolaoa.  It  Invoivaa  designing  hardware  that  will  work 
under  all  types  of  adverse  conditlona  and  for  long  parioda  of  tine. 

1 raai.isa  tnat  ay  coaiients  have  naan  vary  critical  of  contractors, 
tfhile  this  has  bean  dona  on  purpose,  ] do  naad  to  put  it  in  better 
perspective.  Contractors  are  assantial.  Tbay  provide  tha  wnarawitbal 
for  solving  tna  host  of  technical  problaaa  that  this  projact  will 
face.  In  today's  world  you  cannot  do  tha  job  solely  witn  governaant 
aaployaas.  Mhat  1 want  to  stra-.s  Is  that  froa  tna  governaant 's  point 
of  view,  Che  contractor's  role  must  ba  controilad  and  cnannaled  so 
that  tna  government  can  oe  in  tiie  best  position  to  carry  out  its 
responsibility  for  safety. 

So  far  1 nave  discussed  how  to  set  up  an  organisation  to  carry  out 
the  program.  Now  1 will  discuss  momm  basic  elaswnts  that  ought  to  be 
part  of  the  design  philosophy  that  will  get  you  closer  to  achieving 
nuclaar  safety. 

The  design  should  be  kept  simple.  Today  tbara  is  a tendency  to 
over-coaplicata.  Safety  and  alapllclty  go  hand  in  hand.  Tha  more 
coaplex  a aystaa  gets,  tne  more  things  there  are  tnat  can  go  wrong. 
Furthermore,  the  design  should  ba  forgiving.  Recognition  aust  be 
given  to  the  fact  that  things  will  go  wrong.  Tha  design  cannot  be 
made  so  close  to  limits  that  there  is  no  margin  for  error. 

Allow  no  item  or  piece  of  equipment  to  ba  used  In  tha  final  product 
that  nas  not  bean  thoroughly  tasted  In  tha  environment  and  for  tha 
length  of  tiaa  it  will  oa  used.  The  final  product  Is  no  place  to  test 
any  feature  of  tha  design.  A prototype  of  tha  actual  and  product 
snould  oa  tasted  under  the  meat  severe  conditions  It  will  aver  see. 
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b«caus«  ttiiB  plant  will  op«cac«  wittmut  bunan  bainga  diractiy 
contcoliing  its  functioning,  graat  ralianca  will  hava  to  ba  piacad  on 
coaplataly  autoaatad  contcola,  and  ooncaivably  for  long  parioda  of 
tiaa.  Uncortunataiy,  tacnnology  aa  it  axiata  today  la  not  capabia  of 
parformng  tbia  function  with  tba  full  aasuranca  that  it  will  work  all 
tha  tiaa,  avarytiaa.  Tnia  iS  tna  araa  that  will  ba  tha  hardaat 
tachnicai  nut  to  crack. 

All  taaturaa  of  tna  daoign  auat  oa  aa  faii-safa  aa  poaaibia,  both 
indapanuantiy  and  in  coabination.  Anotnar  laboratory  or  indapandant, 
tachnically  coapatant  group  anould  parfora  a aaparata  daaign  reviaw 
and  a aafaty  analyaia  of  the  daaign. 

Thia  bringa  into  quaation  tna  role  NMC  could  or  ahoulo  play.  Mhiia 
1 do  net  advocate  having  auch  a prograa  licanaad,  1 do  feel  tnat 
having  NRC  in  a role  of  reviewing  tha  aafety  aapacta  of  the  daaign 
would  ba  of  iaaaaauraole  benefit.  Such  an  arrangaaant  would 
nacaaaarily  nave  to  be  carefully  atructurad. 

Nuclear  power  in  tna  Unitao  Stataa  today  would  not  win  a popularity 
contaat.  Witnout  going  into  tna  raasona  why,  aufrice  it  to  aay  that 
putting  a nuclear  power  plant  in  apace  la  going  to  ba  aat  with  public 
raaiatanca.  Tha  queation  of  how  tha  govarnaiant  will  handle  auen  a 
prograai  with  the  puolic  will  hava  to  ba  anawarad.  Hhila  tha  tachnicai 
dataila  can  ba  withheld  for  national  aecurity  reaaona,  tha  vary 
axiBtance  of  tha  prograa  cannot  ba  withheld,  in  ay  opinion.  You  can 
expect  to  receive  atrong  public  aantiaant  againat  tha  prograa. 
Folitical  or  aoral  iaauea  are  bast  handled  by  Congraaa.  It  will  ba  up 
to  the  federal  governaent  to  handle  tha  iaaua  of  aafaty. 

Aa  1 atartao  thia  talk,  tha  isaue  was  tha  health  and  safety  of  tha 
public.  If  this  oavice  ware  not  nuclear  powered,  I would  not  ba 
hare.  All  the  points  I nave  discussed  so  far  ware  aada  witn  that 
aspect  in  aina. 

1 will  end  witn  where  X started.  Tha  full  respensioility  of  tha 
nuclear  aafety  SEpects  of  this  prograaia  resides  with  tha  federal 
govarniuent.  The  current  pr  iloaophy  that  peraita  tnia  ourden  to  be  put 
on  or  shareu  with  tne  contractor  ia  spacious.  Tha  only  way  the 
governaent  can  neet  this  requiraaant  ia  oy  setting  up  a strong, 
technically  coapatant  group  within  tha  federal  governaant  that 
controls  all  aspects  of  tne  prograa. 

in  conclusion,  1 would  like  to  quota  ay  foraar  boas,  who  aada  tha 
following  coawaant  in  nia  tastlaony  before  tha  Keaiany  Coaaiaaicn  after 
the  accident  at  Three  Mila  lalandt 

Tha  problaas  iof  reactor  aafety  whicnj  you  face  cannot  oa  solved  by 
apacifying  coapiianca  with  one  or  two  aiapla  procaduraa.  Maactor 
safety  requirea  adnaranca  to  a total  concept  wherein  all  eleaanta 
are  racognixad  aa  isportant  and  aacn  is  constantly  reinforced. 

Tnis  philosophy  ia  easy  to  eapousa  but  difficult  to  accomplish. 


PRCgEDUHlSS  FOR  SECURING  CLEAi^ANCE 
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ABSTRACT 

Tne  procedures  tor  securing  clearance  to  launch  reactors  into  space 
are  tne  same  as  those  tor  launching  other  radioactive  materials  into 
space.  Reactor  systems  must  oe  designed  to  meet  specified  criteria. 

A safety  analysis  report  (SAR)  must  oe  prepared  and  submitted  to  the 
Interagency  Nuclear  Safety  Review  Panel  (INSRP) . The  INSRP  merooers 
and  subpanel  members  will  be  available  tor  consultation  and  review 
throughout  tne  program,  and  they  will  review  the  SARs  and  related  daca 
in  detail.  Following  review  of  the  final  SaR,  the  INSRP  will  prepare 
a safety  evaluation  report  (SER)  and  submit  it  to  the  heads  ot 
agencies  wno,  in  turn,  will  recommend  launch  approval  (or  disapproval; 
to  the  Off i>:e  of  Science  and  Technology  Policy  (OSTP)  . Approval  can 
be  granted  by  OSTP  in  some  instances,  or  the  recommendation  of 
approval  can  be  forwarded  to  the  President  for  approval. 


BACKGROUND 

At  the  beginning  of  a program,  such  as  the  development  of  space 
nuclear  reactors,  a tew  thoughts  and  some  background  information 
relative  to  tne  safety  reguirements,  analysis,  review,  and  approval 
procedures  for  space  nuclear  systems  are  important.  It  in  often 
considered  neceaiary  to  change  procedures,  add  more  or  different 
groups,  and  "reinvent  tne  wheel”  whenever  a new  system  is  designed. 
This  paper  provides  an  introduction  to  the  procedures  and  requirements 
that  have  been  used  successfully  during  the  last  18  or  20  years 
without  "reinventing  the  wheel"  each  time. 

In  1961,  two  SNAP-iA  (Systems  for  Nuclear  Auxiliary  Power)  units 
were  flown  by  the  Department  of  Defense  (DOD)  and  the  Atomic  Energy 
Commission  (AEC)  (now  Department  of  Energy  (DOE) ) on  board  two  DOD 
navigation  satellites.  Approval  to  launch  these  units  was  granteo 
following  an  informal  DOD  and  AEC  review.  In  1962,  no  formal  policies 
or  procedures  existed  to  control  these  activities.  In  preparation  fur 
the  SNAP-9A  launches  in  1963,  an  expanded  review  group  was  established 
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and  noce  detaiiad  procaducaa  wece  iapiasantad.  TAa  National 
Aaronautica  and  Space  Adainiatration  (NASA)  was  invited  to  participate 
in  tne  revxewSf  aitnougti  the  launches  wvre  for  DOD  naviyation 
systejis.  At  that  timef  the  responsibility  for  tnese  reviews  was  aade 
a part  of  the  responsibilities  of  the  joint  AJBC/NASA  Space  Nuclear 
Power  Office.  At  tne  saae  period,  reviewers  were  looking  at  the 
proposed  SNAP-iOA  reactor  systea,  which  was  launched  as  a test  project 
in  1965.  It  was  during  tnese  early  reviews  and  launches  that 
efficient  and  comprehensive  review  and  approval  procedures  were 
developed.  Table  1 summariies  the  space  nuclear  power  systems 
launched  by  tne  United  states  to  date. 

Since  the  specialists  were  inexperienced  in  wonting  with  tne 
space-reiated  nuclear  environswnts,  it  was  critical  to  recognize  and 
allow  for  possible  launcn  failures.  It  was  also  obvious  that  the  saae 
procedures  used  for  ground-based  systems  could  not  be  followed, 
because  tne  systems  were  lightweight  and  could  not  ue  enclosed  in  big 
protective  containers  or  heavy  shielding  and  because  potential  launch 
failures  on  or  near  tne  pad  and  reentry  following  an  unsuccessful 
launch  and  short  orbital  lifetiMS  could  result  in  the  system  falling 
to  earth  in  unknown  and  uncontrolled  areas.  Further,  approval  at  tne 
highest  level  was  required,  it  was  critical  for  the  Department  of 
State  and  the  President  and  his  staff  to  understand  the  potential 
risks  of  tnese  launches.  The  potential  for  political  repercussions 
was  great  in  case  of  failure  oecause  of  impact  ano  possible  fuel 
release  on  foreign  territories. 


SSTAOLISUMbNT  OF  A R£V1£N  COHMITTLc: 

During  tnis  period  of  early  reviews,  representatives  from  A£C,  DOU, 
and  NASA  were  outlining  areas  and  procedures  that  could  maxe  reviews 
and  approvals  more  consistent  and  efficient.  (Xncerns  and 
recommendations  were  forwarded  to  the  heads  of  tne  agencies  for 
consideration.  Heetings  at  the  agency  level  were  held,  ano  it  was 
determined  not  to  use  a standing  formal  interagency  committee,  because 
some  details  were  classiiied,  so  tnat  open,  public  participation  was 
not  possiole.  An  ad  noc  group  was  approved.  This  group  has  cince 
taken  on  tne  name  * interagency  Nuclear  Safety  lieview  Panel”  (INSRP) 
and  is  often  referred  to  as  tne  "panel.”  Figurw  J 3i»ws  the  panel  as 
used  for  tne  SNAP-27/Apollc  review.  Figure  2 lists  the  membership  ^y 
organization  of  tne  working  groups  or  subpanels  as  appointed  for  the 
same  review  of  Apollo. 

As  part  of  tnese  early  reviews,  an  organisation  witn  experience  in 
and  growing  understanding  of  tne  many  potential  failure  modes  was 
developed,  since  that  time,  tne  same  general  procedures  for 
designating  tne  review  panel  have  oeen  used.  The  user  agency  requests 
participation  of  the  otner  two,  the  coordinators  meet  and  determine 
support  needs,  and  in  turn,  the  specialists  arc  designated  by  the 


TABLE  1 Sununary  of  Space  Nuclear  Power  Systems  Launched  by  the  Uniced  States 
(1961-1982) 
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ccocdinatucs.  Th«  coordiMtors  also  d«c«raine  tn«  cequiceaenta  foe 
•u0(>anei8  to  Mupport  the  tacnnicai  needs. 

Since  1962,  Mr.  ITiosaa  Kerr  haa  oeen  NASA's  coordinator  in  the 
reviews  tor  ail  space  nuclear  systsaa.  Mr.  Georye  bix  was  tnc  tirst 
DUS  (AEC)  coordinator,  froa  tne  early  1960s  until  he  was  transferred, 
«.and  was  succeeded  by  Ted  Dobry  and  later  by  Marvin  Korrin.  OOU 
changes  coordinators  and  supporting  i.>ersonnei  on  a regular  oasis  as 
ailitary  transfers  occur.  There  are  inuiviouals  wno  nave  been 
involved  for  several  years  and  there  are  otnecs,  of  course,  wno  have 
been  involved  in  tne  review  or  one  or  two  systems  before  moving  on  and 
being  replaced.  At  tiie  present  time,  many  capable  individuals  are 
available  and  recei''e  tne  necessary  support  from  management. 

The  iNbRP  IS  in  tne  early  stages  of  reviewing  NASA's  Galileo  system 
and  the  European  Space  Agency's  International  Solar  Polar  mission. 
Several  new  problem  areas  have  to  oe  solved  for  these  systevis.  First, 
the  systems  will  oe  carried  into  oibit  aboard  tne  apace  Shuttle. 
Second,  they  will  use  the  wide-oooy  Centaur  as  tne  upper  stage  to  take 
them  from  tne  shuttle  to  tneir  mission  environments.  Tnird,  they  will 
have  additional  propulsion  for  trajectory  shaping,  guidance,  anu 
station  Keeping.  Fitvally,  tney  will  use  new  radioisotope 
tne rmoelec trie  gener<ktors  (RTGs)  . These  features  are  not  particularly 
unique}  they  are  routine  for  space  systems.  Changes  made  in  the  past 
tecnnologies  always  seen  unique  In  previous  systems,  the  spacearalt 
and  RTos  or  reactor  at  tne  top  of  tne  stacK  were  soMwnat  isolated  by 
diaca.ice  from  tne  most  nazaraous  potential  environstents  during  the 
launch  phases.  Tue  shuttle  cargo  bay,  liowever,  is  located  in  the  most 
hazardous  area  p<  .siMe;  i.e.,  the  Centaur  is  in  the  bay  in  the 
immediate  vicinity  of  the  KTGs.  Tne  RTGs  are  thermally  not  ana 
require  auxiliary  cooling  while  tne  shuttle  doors  are  closed,  tnC 
there  are  several  propellant  tanxs  in  the  same  cay^  Needless  to  say, 
we  recognize  the  potential  riSKS  tnis  combination  provides. 

What  relationship  does  tnis  have  to  reactor  safety,  review,  and 
approval  procedures?  Reactors  will  not  be  launched  in  an  operating 
BK>de{  tney  will  be  made  safe  so  tnat  nothing  can  happen  ouring  launch 
short  or  immediate  reentry;  ana  tney  will  be  thermally  cold.  Further, 
tney  will  be  "s.arted  up"  only  after  they  nave  reached  acceptable 
orbits  or  trajectories;  thus  there  should  be  little  or  no  concern. 

However,  misnaps  and  failures  usually  ao  occur  because,  for 
exaoipie,  worxers  fail  to  follow  procedures;  hardware  fails  to  function 
properly;  people  get  irvolveil;  or  no  one  thinis  of  some  combination  of 
events,  actions,  or  failures  that,  according  to  "Hurpny's  baw,"  will 
occur.  In  planning  applications  and  developing  hardware  it  is 
important  to  involve  specialists  who  understand  the  systems  and  at  the 
same  time  can  asK  searching  questions.  These  specialists  snould 
include  at  least  one  or  two  professional  "fault  finders" — individuals 
wno  are  not  required  to  respond  positively  to  management  plans  or 
follow  tne  party  line.  Tney  must  understand  tl.e  systems  and  the 
potentials;  they  should  nave  sufficient  technical  stature  to  oe 
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accepced  oy  the  cauunity;  they  must  be  supported  by  mana'.:isnie nt  to  th-* 
extent  that  they  can  require  changes  without  fear  of  discipline;  and 
they  must  be  well  enougn  informed  about  the  total  mission  that  they 
can  recognize  tne  magnituae  of  potential  failures.  In  applications 
such  as  tne  use  of  reactors  or  radioactive  materials  in  space  or  other 
potentially  nazardous  activities  of  this  leve^  where  failures  can  lead 
to  many  injuries  or  fatalities,  a rigorous  safety  evaluation  by  tno 
developer  and  user  is  critical. 


IN&RP  PARTICIPATION 

Sometimes  users  tend  to  assume  that  ..ley  can  rely  on  the  review  panel 
to  ensure  i.'iafety,  and  although  this  may  ha  true,  the  most  probable 
results  are  added  expenses  ana  program  delays.  The  panel  participates 
almost  from  tne  inceptic.'i  of  these  programs.  Each  system  is  evaluated 
by  i:«jRP  in  a three-stage  review  process:  after  submission  or  (1) 

the  preliminary  safety  analysis  report  (PSAR) , (2)  the  updated  safety 
analysis  report  (USAR) , and  (3)  final  safety  analysis  report  (PSAK) . 
Memoers  of  cne  panel  and  subpanels  are  involved  during  critical 
program  review  meetings,  in  test  program  revirxs,  in  working  group 
meetings,  or  any  time  they  can  obtain  signifijant  information  that 
will  help  tnem  understand  and  evaluate  the  system.  Figure  3 
Illustrates  a typical  development  and  INbRP  review  schedule.  The 
INSRP  involvement  and  review  is  ongoing  and  extends  over  a long  period. 

When  INSRP  personnel  recognize  potential  difficulties,  data  or 
information  deficiencies,  or  any  other  item  that  may  lead  to  problems 
d ring  a review,  this  information  is  given  to  project  persoiinel  for 
action.  Participation  during  tne  early  phases  of  a project  does  not, 
in  any  way,  commit  reviewing  personnel  to  any  particular  position.  An 
attempt  is  made  to  prevent  inconsistencies,  but  if  information  that 
Changes  the  outlook  on  a particular  proolem  comes  to  light  at  a late 
date,  the  reviewers  depend  on  the  latest  available  data.  For  example, 
during  the  review  of  the  SNAP-19/NIHBUS-B  system,  some  of  the  late 
data  indicated  a possiole  need  for  a major  design  change  in  the  fuel 
capsule,  and  time  was  short.  The  proposed  changes  could  not  ue 
guaranteed  until  very  late,  just  oefore  launch,  and  as  a result,  both 
designs  were  reviewed,  ana  two  safety  evaluation  reports  (SERs)  were 
written  using  tne  appropriate  inputs. 


USEFUL  STEPS  BEFORE  PREPkRING  AN  BAR 

So  far,  I have  discussed  the  INSRP  ano  its  operations:  how  it 

functions,  its  history,  its  successes,  and  its  independence.  It  was  a 
very  conscious  decision  to  approach  the  procedures  in  this  o.  nner. 
There  are  several  papers  cy  DOE  program  personnel  (NUS  Corporation, 
1974;  Bennett  et  al. , 1980a, b;  Bennett,  1981;  Bennett  et  al. , 1981} 
that  cover  various  aspects  of  tne  space  nuclear  systems  and  their 
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:ev'iew.  note  \n  paicicuiar  Bennett's  (1981)  acticle,  "Overview  of  the 
U.S.  flight  Safety  Process  for  Space  Nuclear  Power." 

The  first  and  pernaps  roost  critical  requirement  for  users  is  to 
comnunicat^  witn  the  appropriate  INSRP  coorainator.  As  a result  of 
this  contact,  the  experience  and  information  coilectea  by  ti.e  INSRP  is 
roade  available.  The  data  requirements  cai.  be  discursed,  guidance 
concerning  SAK  requirements  is  given,  and  INSRP  personnel  provide 
ongoing  review  of  the  activities. 

Second,  tne  Overall  Safety  Manual  (OSH)  (NUS  Corporation,  1974) 
Should  be  obtained,  reviewed,  and  understood.  This  suggests  study  of 
tnc  oasic  documentation  requirements  to  obtain  an  understanding  of  the 
types  of  data  tnat  are  in  the  OSH  by  surveying  the  table  of  contents, 
the  references,  the  technical  models,  and  the  basic  uata  that  are 
included.  It  is  important  to  *ecognize  the  method  used  in  putting  the 
information  together  to  study  similar  systems'  SARs  so  that  there  will 
be  no  surprises,  and  to  ask  questions.  The  OSM  volumes  provide 
background  information  concerning  demography,  oceanography,  and 
meteorology,  and  mucn  source  material  common  to  all  systems.  In 
addition,  they  provide  an  outline  and  guiaance  for  preparing  SARs. 

Tne  contents  of  SARs  include  tne  information  listed  in  Table  2. 

It  IS  certainly  not  recommended  that  one  shoula  obtain  an  OSM  and 
begin  writing  a SAR  in  a "vacuum."  Tnere  are  many  aspects  of  a launch 
and  launch-related  information  tnat  could  be  extremeiy  expensive  to 
duplicate  and  that  have  alreauy  been  documented.  There  is  extensive 
experience  in  areas  sucn  as  calculated  ana  nistoricai  values  of 
failure  rates.  Each  launch  vehicle  is  evaluated  the  first  time  it  is 
used  for  one  of  these  systems,  and  in  foilow-on  uses  tne  aifferences 
are  documented.  Launch  site  characteristics  are  considered  consistent 
for  the  same  area  from  launch  to  launcn  except  for  seasonal  variations 
or  specific  modifications.  These  consistent  characteristics  are 
inciuaeu  in  tne  OSM  reference  aata  and  other  source  documents  that  are 
used  with  tne  OSM. 

Third,  at  an  early  date,  it  is  important  to  invite  tne  INSRP 
coordinators  and  members,  as  determined  necessary  by  the  coordinators, 
to  meet  with  project  personnel  to  exchange  information  ana  discuss 
operational  and  review  philosophy.  This  allows  individuals  to  meet 
tne  principal  contacts  tney  will  be  worxing  with  during  the  next 
several  years.  Many  of  the  unknowns  can  be  discussed  and  the  tendency 
to  consider  eacn  otner  tne  opposition  can,  to  a large  extent,  be 
eliminated.  The  INSRP  is  not  interested  in  preventing  a launch;  it  is 
interested  in  evaluating  the  potential  for  mishaps  and  avoiding  or 
minimizing  injury  or  death  of  people. 


CONTENTS  OF  SAFETY  ANALYSIS  REPORTS 

According  to  Bennett's  (1981)  article,  in  general,  the  Safety 
Analysis  Reports  consider  the  following  types  of  accident  envirorunents 
(categorized  by  mission  pnase) : 
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Prelauncn^  Launcn,  and  Ascent  Phases; 

— ijcplosion  overpressure. 

— Projectile  impact. 

— Lana  or  water  impact. 

— Liquid  propellant  fire. 

— Solid  propellant  fire. 

— Sequential  combination  of  the  above. 

Orbit  and/or  Fllgnt  '.rrajectory  Phases; 

— Reentry. 

— Lana  or  water  impact. 

— Postimpact  environment  (land  or  water) . 

On-orbxt  continqency  options  (including  retrieval)  are  consiaered  as 
appropriate. 

The  safety  and  safeguard  requirements  during  development, 
fabrication,  testing,  and  transportation  of  the  nuclear  power  system, 
prior  to  the  arrival  of  tne  hardware  at  the  launch  sice,  are  provided 
and  enforced  by  the  usual  DOE  operational  requirements  and  orders  and 
include  specific  guides  at  all  levels,  such  as  surveys,  and  reviews 
and  approvals  of  facilities,  procedures,  personnel,  equipment,  ana 
emergency  plans.  Transportation  and  storage  of  special  nuclear 
material  are  always  taken  seriously.  SAAs  consider  the  storage  and 
handling  prior  to  and  during  installation  of  the  nuclear  power  supply 
on  the  spacecraft  and  all  phases  following  installation.  Cetailed 
safety  tests  are  required,  and  they  are  evaluate*!  as  part  of  the 
analyses  associated  witn  the  SAK  and  review. 


INTERAGENCY  NLCLEAR  SAFETY  REVIEW  PANEL 

An  outgrowth  of  the  early  dr^isions  to  review  space  nuclear  power 
systems  by  a special  interagency  committee,  this  procedure  has  now 
become  policy.  The  exact  makeup  and  procedures  have  not  been 
formalized  to  tne  point  tnat  it  is  a ”one,  two,  three  or  follow  a 
specific  guideline  and  everything  will  oe  fine”  activity.  The 
President  has  directed  that  these  systems  be  reviewed  using  the  ”.  . . 
Interagency  Nuclear  Safety  Review  Panel  consisting  of  members  from  the 
Department  of  Defense,  Department  of  Energy,  and  Natioital  Aeronautics 
and  space  Administration  . . The  Nuclear  Regulatory  Commission  is 

also  to  be  requested  to  oarticipate  as  an  observer  when  appropriate. 
The  procedures,  personnel,  organization,  and  other  details  are  left  to 
the  discretion  of  the  agencies  and  the  INSRP,  as  appointed. 

Figure  4 illustrates  the  involvement  and  path  for  obtaining 
approval  to  launch  these  systems.  Tnere  are  many  organizations, 
meetings,  studies,  tests,  and  development  activities  and  phases  that 
feed  into  the  four  blocks  on  the  left.  Also,  many  technical  and 
"political"  questions  have  to  be  analyzed  and  answered.  Data  flow 


242 


from  many  reiatea  organizations.  Vehicle  and  launch  environaent 
parweters  are  examined  from  a different  point  of  view  than  is 
normally  necessary  for  operations.  Environstental  factors  may  be 
critical  in  the  event  of  an  abort,  and  special  studies  are  conducted. 
Subpanels  of  the  INSRP,  as  indicated  in  Figures  1 and  2,  are  charged 
with  the  responsibility  of  evaluating  the  many  likely  or  reasonably 
probable  events  that  could  occur  during  or  following  an  abort  and  that 
could  possibly  release  radioactive  material.  This  will  include  the 
immediate  as  well  as  long-term  effects.  The  input  for  these  analyses 
often  requires  extensive  and  expensive  test  programs.  Some  of  these 
tests  are  funded  by  a particular  spacecraft  office  or  nuclear  power 
program  office  if  the  effect  is  unique.  In  other  instances,  there  are 
ongoing  tests  to  accumulate  information  over  periods  of  many  years. 
These  are  funded  separately  as  part  of  a long-term  safety  program. 

The  box  snowing  tx\e  INSRP  is  deceptive  from  a time  requirement  point 
of  view.  The  INSRP  becomes  involved  during  the  earxy  phases,  almost 
during  the  concept  period.  The  INSRP  certainly  influences  the 
documentation  requirements  and  the  schedule  for  ':hese  documents. 
Normally  there  are  at  least  thts»  formal  INSRP  review  meetings:  one 

for  the  PSAR,  one  for  the  USAR,  and  one  for  the  FSAR.  Other  meetings 
are  held  as  required.  The  INSRP  subpanels  meet  as  often  as  necessary 
to  guide  program  personnel  in  the  developswnt  of  needed  information. 
Although  the  subpanels  do  not  develop  the  data,  they  analyze  them, 
perform  calculations  and  tests  as  needed,  recommend  areas  for  further 
analyses  of  tests,  and  provide  experience  and  assistance  to  help 
program  personnel  understand  the  safety  needs  and  avoid  unnecessary 
costs  whenever  possible. 

The  INSRP  and  its  suk^aneis  are  not  made  up  of  three  duplicate 
specialty  groups.  Experts  are  appointed  as  needed  and  are  available 
from  whenever  they  work.  In  some  instances  each  agency  aas  the 
necessary  capability,  wnile  in  others  one  agency  may  have  the  greater 
capability  in  house  or  by  contract.  The  INSRP  members  are  government 
eiif>loyees.  The  subpaneis  auty  have  government  or  contractor  members. 

In  addition,  each  panel  and  subpanel  member  can  have  as  many  technical 
advisors  from  nis  or  her  own  agency,  contractors,  or  other  agencies  as 
considered  necessary. 


SAFETY  EVALUATION  REPORT 

Once  the  FSAR  is  reviewed  and  the  INSRP  members  are  satisfied,  the 
panel  prepare  a safety  evaluation  report  (SER)  and  submits  it  to  the 
agency  neads  for  review  and  approval.  This  is  the  document  that 
provides  necessary  summary  information  to  the  offices  indicated  on  the 
right-hand  side  of  Figure  4.  Although  th*  INSRP  cioes  not  sake  a 
recommendation  of  launch  approval  or  disapproval,  tn«  i.esults  of  the 
INSRP  review,  as  documented  in  the  SER,  certainly  lead  managers  to  a 
position  where  they  can  Mke  the  decision.  A further  reason  to  expect 
most  SERs  to  lead  toward  launch  approval  is  tne  recognition  by  program 
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peisonnel,  tiiroughout  the  deveiopnent  and  fabiication  phases,  that  i.£ 
cne  INSKP  or  its  subpaneis  find  potentially  serious  uesign  problems 
and  point  them  out,  it  is  prudent  to  listen  and  nalce  the  necessary 
changes  before  getting  to  the  approval  stage.  This  has  been  done 
several  times  in  the  past. 


REgUEST  EOR  LAUNCH  APPROVAL 

After  the  FER  has  gone  to  the  agency  heads  and  they  are  satisfied  witn 
the  findings,  tne  two  suppc  ting  agency  heads  submit  letters  of 
concurrence  to  the  user  agency,  ana  in  turn,  the  user  submits  a letter 
to  tne  Office  of  Science  and  Technology  Policy  reguesting  launch 
approval.  This  request  may  be  acted  upon  at  that  level  in  some 
instances,  and  in  others,  tne  approval  is  granted  through  the  Office 
of  the  President. 

When  more  than  one  system  will  be  launched  over  a reasonaole  period 
of  time  using  the  same  facilities  and  launching  vehicle  types,  it  is 
not  unusual  to  have  tne  complete  series  approved  at  one  time  by  tne 
President.  Notification  prior  to  each  launch  is  required  so  that 
proper  contingency  preparation  can  be  in  place  during  tne  launch  and 
critical  periods. 


CONCLUSIONS 

The  review  procedures  as  aeveloped  and  implemented  by  tne  INSRP  nave 
been  successful  and  well  accepted  by  all  levels  of  government.  These 
procedures  have  been  presented  to  and  accepted  by  the  Scientific  and 
Technical  Subcommittee  of  the  United  Nations  Committee  on  tne  Peaceful 
Uses  of  Outer  Space.  The  United  States  supports  a rigorous  space 
nuclear  safety  program  that  provides  for  testing  and  analyses  of  power 
sources  intenued  for  space  applications.  Tne  SER  includes  a 
probabilistic  risk  analysis  technique  to  assist  aecision  maKers  in 
assessing  the  risk  versus  oenefit  from  the  use  of  the  nuclear  power 
system.  The  INSRP  aoes  not  nave  any  line  authority  or  directive  power 
over  programs  using  nuclear  power  systeu;  however,  its  reviews 
presented  as  negative  findings  certainly  would  influence  management. 

As  a result,  from  a practical  point  of  view,  program  management 
listens  to  cne  INSRP  and  considers  all  items  tnat  are  marginal  or 
questionable  during  all  phases  of  a program. 

To  my  knowledge,  there  are  no  indications  that  a new  proceuure  or 
policy  will  oe  implementea  in  the  immediate  future.  The  INSRP  has 
participated  at  a minimal  level,  but  has  nevertheless  been  involved, 
in  the  planning  and  aiocussions  concerning  future  reactor  programs  and 
possiole  needs  for  reactors  in  space.  The  procedures  for  these 
activities  are  tne  same  as  the  ones  that  have  been  used  for  several 
years  and  that  are  being  used  for  the  Galileo  and  international  Solar 
Polar  programs. 
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FIGURE  1 Interagency  Nuclear  Safety  Review  Panel  (Apollo  nissiona) . 
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FIGURE  2 Working  groups  CApollo  missions) . 
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FIGURE  3 Typical  flow  of  space  power  systems  development  and  review  activities 
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FIGURE  4 Safety  review  and  launch  approval  process. 
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STATUS  OF  HIGH-TttiPEMATUKg  UKAT  PIPE  TflCiiNOLOCY 


W.  A.  Rank«n 

Ijo»  Alaans  Nationax  lAboratory 
Los  Aiauos,  New  Mexico  U7345 


ABSTRACT 

This  paper  oiscusses  the  application  ot  heat  pipes  to  n'iciear  reactor 
space  power  syst  .ns.  Characteristics  ot  the  device  that  favor  such  an 
application  are  descrioed,  and  recent  results  ot  current  tecunolo^y 
development  programs  are  presented.  Kesear  n areas  that  will  need  to 
be  addressed  in  demonstrating  that  auequate  lifetimes  can  be  acnieved 
with  evaporation/condensation  cycles  operating  at  high  temperatures  in 
a reactor  environment  are  also  discussed. 


INTRODUCTION 

Since  It  first  emerged  nearly  two  decades  ago  as  a product  or  th^ 
national  space  power  program  (Grover  et  al. , 1964)/  the  heat  pipe  has 
been  undergoing  a gradual  transition  from  a potentially  useful 
laboratory  curiosity  to  a commercial  unit  used  in  a considerable 
variety  of  applications.  The  pace  of  uevelopment  ana  application  has 
f>.t  times  been  quite  modest,  but  now  tne  device  has  been  produced  in 
quantities  measurea  in  millions,  and  prospects  for  further  expansion 
of  Its  areas  of  utilization  are  excellent. 

Among  the  more  important  applications  have  been  its  use  to 
stabilize  the  permafrost  around  the  stanchions  supporting  the 
above-ground  section  of  tne  Alasxa  pipeline  (Waters  et  al. , 1975),  its 
use  for  heat  recovery  in  heating  and  air  conditioning  systems  as  well 
as  for  neat  recuperation  in  industrial  furnaces  and  ovens  (Rucn, 

1975) , and  its  adaptation  to  waste  heat  boiler  systems  (Littwin  and 
McCurley,  1981) . Recently,  over  one  million  units  have  been  built  for 
just  one  application — the  cooling  of  an  audio  amplifier,  wnich  is 
produced  abroad  in  large  quantities  (Osaxabe  et  al.,  1981). 

Increasing  use  for 
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neat  raaiation  and  temperature  control  systems  in  satellites  nas 
occurred  in  Dotn  tne  Uniced  States  and  otner  countries  lAraKelov  et 
al. , ls76;  Harwell  and  Hclntosh,  19S1;  Kelly  and  Keisenweuei,  1981; 
Kimura  et  al. , 1981;  Ollendort  et  ai. , 1981). 

Future  applications  now  in  an  active  development  stage  Include 
underground  power  cable  cooling  (Iwata  et  al.,  1981),  temperature 
smootning  in  processing  furnaces  (Kastctani,  1981),  troping  of 
geotnerrae ' reservoirs  (Cannaviello  ec  ai.,  1981),  ana  transfer  ot 
solar  neat  from  rooftop  collectors  to  below-ground  storage  (Nasonov 
and  boncarenKo,  i980) . 

Host  of  these  applications  are  tor  neat  pipes  operating  at  low  to 
roouerate  temperatures.  Uigner  temperature  commercial  applications 
have  been  slow  to  app^iar,  primarily  because  or  tne  tact  tnat  liguio 
metals  be  ome  tne  working  fluid  or  cnoice  above  about  750  K.  This 
leads  to  a perceived  increase  in  hazard  and  a real  increase  in 
fabrication  cost.  As  a result,  the  main  driver  for  resec>rch  on 
nigh-temper ature  heat  pipes  rem«xns  now,  as  it  was  at  the  oeginning, 
tne  potential  application  to  nuclear  reactor  power  systems  for  space. 
The  high-temperature  neat  pipe  was  invented  to  solve  a heat  transfer 
problem  in  such  a system  and  is  now  a key  component  in  the  baseline 
design  of  the  SP-100  space  reactor  system. 


HEAT  PIPES  AMU  SPnCt.  REaCTOK  DESIGN  CONSIDERATIONS 

The  neat  pipe  nas  a numoer  of  attributes  tnac  maite  it  attractive  as  a 
space  reactor  component.  Key  among  tnese  are  its  very  high  heat 
transport  capability  in  a relatively  simple,  seli-operating  system  and 
its  capability  of  very  nigh  temperc.ture  operation.  The  first  of  these 
permits  the  design  of  reactor  cores  vitn  many  independent  coolant 
"loops,"  not  all  of  which  need  oe  operable.  Tnus  single-point  failure 
mecnanisms  can  be  avoided  in  tne  primary  reactor  coolant  system,  ana 
this  in  turn  makes  possiole  the  design  of  a complete  reactor  power 
system  devoiu  of  such  failure  mechanisms.  This  characteristic  is 
important  in  promoting  t::e  hign  reliability  that  will  be  necessary  for 
systems  that  must  run  unattended  for  lifetimes  of  5-lU  years. 

Tne  multiplicity  of  independent,  self-contained  coolant  loops 
afforded  by  heat  pipes  nas  other  implications  for  reactor  design.  For 
I instance,  it  obviates  the  need  for  f reactor  pressure  vessel,  ana  this 

not  only  saves  some  weight  but  also  permits  the  design  of  a system 
that  can  creak  up  easily  auring  reentry  from  earth  orbit.  The 
self-operating  nature  of  the  neat  pipe  not  only  eliminates  the  need 
for  valves  and  pumps  or  compressors  in  the  primary  cooling  loop  but 
also  maKes  it  possible  to  nave  automatic  removal  of  reactor  core 
afterneat  if  tne  reactor  is  shut  down  and  all  power  is  lost. 

High-temperature  operation  is  anotner  important  attribute  of  tne 
neat  pipe  because  tne  design  of  compact,  hign-specitic-power  reactor 
systems  requires  it.  This  is  a direct  consequence  or  the  need  to  dump 
large  quantities  of  waste  neat  oy  raciation.  Tne  neat  pipe's  ability 
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to  start  up  dirsctiy  froa  a frozen  state  precludes  any  necessity  for 
prewaraing  tne  coolant  sucn  as  is  neeaed  for  ii^uid-metai-cooied 

systeu. 

There  is  one  other  attr route  of  che  heat  pipe  that  jicoaes 
particularly  \sy>ortant  tor  direct  conversion  aethoda  ci  transforming 
reactor  heat  to  electricity.  This  is  the  very  low  temperature  drop 
tnat  exists  even  at  high  power  levels.  Thus  all  tne  heat  is  delivered 
to  the  conversion  devicer  at  what  is  essentially  the  reactor  exit 
tess>erature , permitting  tneir  operation  at  u^ximum  design  efficiency. 
Similarly,  in  systems  where  reactor  heat  is  transferred  to  the 
conversion  system  by  radiation,  it  is  important  tnat  the  radiating 
surface  oe  essentially  isothermal  (at  the  reactor  exit  temperature) , a 
state  not  acnievaole  with  gas  or  liguid-metal  cooling  because  of  the 
inevitable  temperature  drop  tnat  occurs  in  circulating  single-pnase 
fluid  loops  performing  the  tasx. 


SPtX:iPlC  SEAT  PIPE  REACTOR  SYSTEM  CONCEPTS 

some  specific  ways  ii.  wnich  the  neat  pipe  influences  space  reactor 
design  and  tne  performance  demands  tnat  sucn  reactors  place  on  the 
neat  pipe  are  shown  in  Figures  1-4  and  Table  1.  Figure  1 shows  the 
oaseline  reactor  design  for  tne  lOU-xW(e)  SP-100  space  power  system. 
Table  1 lists  tne  performance  requirements  tnis  design  places  upon  tne 
ccro  heat  pipes.  Figure  2 siiows  tne  current  SP-100  system,  and 
Figures  3 and  4 show  early  configurations  of  lOO-KM(e)  power  systems. 

The  reactor  in  Figure  1 is  a beryllium-reflected  array  of  120  fuel 
modules  that  can  produce  a total  power  of  1,600  tW(t).  Each  fuel 
module  consists  of  a stacK  of  Mo-13Ke  fins  and  UO^  fuel  waters, 
built  around  Mo-l3Re  heat  pipe  with  lithium  working  fluid.  The  heat 
pipes  are  of  arterial  design,  and,  with  an  external  diameter  of  17.5 
mm,  eacn  has  the  capability  of  carrying  17.4  kW(t)  for  long-term 
operation.  A design  margin  of  25  percent  gives  the  limiting  value  of 
tne  performance  of  these  pipes  of  21. kW(tj.  The  performaiKre 
requirement  on  eacn  neat  pipe  is  xept  constant,  despite  the  usual 
radial  drop  in  fuel  power  density,  oy  i:  creasing  tne  amount  of  fuel 
surrounding  tne  neat  pipes  for  eacn  successive  circular  row  of  fuel 
modules.  Table  1 shows  tne  axial  and  radial  power  density 
requirements  on  the  core  heat  piper  tor  ootn  normal  operating 
conditions  (13.3  kW(t)  per  heat  pipe)  and  the  contingency  case  in 
which  a heat  pipe  nas  failed  and  the  adjacent  neat  pipes  must  taxe 
away  up  to  25  percent  of  tne  heat  tne  failed  heat  pipe  had  been 
removing . 

The  manner  in  wme^  the  SP-100  syrteu:  neat  pipes  deliver  reactor 
neat  to  the  thermoelectric  conversion  system  is  shown  in  Figure  2. 

The  neat  pipes  emerge  from  the  core  and  traverse  tne  reactor  shield 
(making  two  near-90°  bends  in  the  process  to  prevent  neutron 
streaming)  and  tnen  extend  another  6.7  m to  form  a cylindrical  array 
that  radiates  at  1495  K to  thermoelectric  panels  that  surround  the 
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TABL£  1 SP-iOU  Heat  Pipe  Operational  Kequirements 


Temperature  (K) 

Axial  power  density  (!tW/cm^) 
Normal  operation 
Contingency  operationi 
Maximum  radial  power 
density  (W/cm) 
bvaporatLir 
Condenser 
Lifetime 


1500 


b.O 

10-5 


105 

6.5 

7 yr  in  normal  mode,  0.96  reliaoility 
7 yr  in  contingency  mode,  0.96 
reliability 


£17.4  xW  per  neat  pipe  tor  a llO-heat-pipe,  l,600-kW(t)  reactor. 


heat  pipe  bank.  >/aste  neat  in  this  configuration  is  radiated  directly 
from  the  outer  surface;^  of  the  thermoelectric  panels. 

Figure  3 shows  a different  type  of  heat  pipe  reactor  power  system, 
with  Hraytoti-cycle  conversion.  One  of  the  discinguishing  features  of 
tne  design  is  that  tne  neat  pipe  array  supplies  heat  to  two 
indepe-ident  Brayton  loops,  tnus  achieving  a twofolo  redundancy.  For 
this  design,  tne  factor  limiting  tne  amount  of  redundancy  was  the 
increase  in  total  mass  of  the  conversion  units  wnen  many 
small-capacity  units  are  usea  in  place  of  higher-capacity  ones. 

The  use  of  heat  pipes  to  achieve  redundancy  in  a large, 
lightweight,  nign-temperature  radiator  for  disposing  of  waste  heat 
from  tne  power  conversion  units  is  shown  in  Figure  4.  This  system  was 
a forerunner  of  the  SP-100  and  used  potass lum/titanium  heat  pipes  to 
remo/e  the  .leat  from  compact  thermoelectric  conversion  u»duies.  An 
expanded  viev  of  a radiator  panel  is  shown  in  Figure  5. 


HIGU-THMPEfiATURE  HEAT  MP£  PERFOKMANCt, 

The  performance  requirements  for  tne  SP-iOO  reactor  core  heat  pipes 
given  in  Taole  1 ate  demanding.  That  they  are  nevertheless  realistic 
has  been  demonstrated  by  analyses  tnat  have  been  performed  with  the 
computer  code  HTPIPE  and  substantiated  by  experiment. 

HTPIPE  is  an  analytical  model  of  heat  pipe  operation  based  on 
Cotter's  (1965)  pioneering  work  on  the  engineering  theory  of  the  neat 
pipe.  Tne  flow  regimes  treated  by  this  model  are  illustrated  in 
Figure  6.  i'he  code  integrates  the  flow  with  mass  addition  regime  of 
tne  evaporator  witn  the  Tansition  vapor  flow  behavior  of  the 
adiaoatic  regime  and  mass  depletion  flow  of  the  jonoenser.  Inertial 
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recovery  effects  caused  by  deceleration  of  vapor  in  the  condenser  are 
included.  The  modeling  of  the  return  liquid  flow  includes  viscous 
losses  in  the  arterial  passages  and  also  any  losses  that  may  occur  in 
distribution  wicks.  The  model  predicts  performance  curves  of  the 
general  snape  shown  in  Figure  7.  The  sonic  limit  occurs  when  the 
vapor  velocity  at  tne  entrance  to  the  condenser  reaches  sonic 
velocity.  WicKing  limits  occur  when  the  forces  required  to  drive  the 
fluid  down  the  pipe  as  vapor  and  back  througn  the  wicK  as  fluid  exceed 
the  available  capillary  force  in  the  evaporator.  For  liquid-netal 
heat  pipes  with  compound  wicks,  cne  liquid  pressure  drop  limic  is 
rarely  a factor.  Tne  boiling  limit  has  been  observed  in 
high-temperature  sodium  heat  pipes,  uut  is  much  less  important  lor 
lithium  heat  pipes  operating  in  the  temperature  range  of  the  SP-lOU 
reactor  design. 

The  general  capabilities  of  HTPIPE  are  summarized  in  Table  2.  Its 
predictive  capability  nas  been  oenctunarked  against  many  experimental 
observations.  An  example  is  snown  in  Figure  8 for  a 2-m-long  sodium 
heat  pipe.  In  general,  it  is  wall-friction  factors  tnat  have  oeen 
refined  in  the  benchmarking  process. 

The  HTPIPE  code  has  been  very  useful  in  making  design  decisions  for 
the  SP-lUO  reactor.  An  example  is  the  comparative  merits  of  sodium 
and  lithium  working  fluids  as  a function  of  t^n^rature.  Such  a 
comparison  is  shown  in  Figure  9 for  a 2-m-long,  annular  nrtery  heat 
pipe  having  a 14.1-mm  inside  diameter.  The  annular  artery 
configuration  is  illustrated  in  Figure  10,  along  with  the  oucterfly 
artery  ano  segmented  annulus  wick  configurations.  It  can  be  seen  in 
Figure  9 that  for  temperatures  below  1500  K tne  low  vapor  pressure  or 
lithium  causes  its  performance  capability  to  be  less  than  that  of 
sodium.  Increasing  tne  temperature  above  this  value  snows  tnat  very 
impressive  amounts  of  heat  can  be  made  to  flow  down  a channel  that  is 
only  1.6  cro^  in  area. 

A program  of  heat  pipe  fabrication  developmenc  and  performance 
resting  is  being  carried  out  at  the  Los  Alamos  National  Laboratory  to 
verify  chat  neat  pi^es  with  the  hign-performance  capability  predicted 
by  HTPIPE  can  be  built.  A recent  test  of  a 2-m-long  lithium  heat  pipe 
witn  a butterfly  artery  wick  configuration  (shown  in  Figure  10)  was 
conducted  at  a heat  transport  rate  of  15  kW  at  a temperature  of  1500  K 
for  lOO  hours.  Tne  test  point  is  snown  in  relation  to  v he  predicted 
performance  curve  in  Figure  11.  This  performance  value  is  displayed 
with  those  of  earlier  2-m-long  litnium  heat  pipes  in  Figure  12  in 
comparison  with  axial  neat  flux  performance  values  required  for  the 
SP-ICO  reactor  core  neat  pipes.  The  latter  are,  however,  8 m long. 

Limitations  of  the  radial  neat  fljx  that  can  be  brought  in  through 
the  heat  pipe  wall  result  primarily  from  the  boiling  of  working  fluid 
in  the  wicK.  This  limitation,  though  important  for  sodium,  is  not 
expected  for  lithium.  This  expectation  is  confirmed  in  Figure  13, 
whicn  shows  that  several  lithium  heat  pipes  have  comfortably  exceeded 
the  radial  flux  values  required  in  tne  SP-iOO  reactor  core.  A heat 
pipe  constructed  for  regulating  tne  temperature  of  a fuel  irradiation 
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TABLE  2 UTPIPE  Prograu  Analysis  Capabilities 


Prediction  of  ti*tat  pipe  performance  limits 
Sonic  limit 
Wickiny  limit 
Entrainment  limit 

Moael  features 

Two-dimensional  laminar  flow  in  heat  pipe  evaporator 
One-dimensional  compressible  flow  witn  friction  in  adiabatic  section 
Analysis  of  various  artery  gecanetries 
WicKless  gravity  assist 
Circular  arter'* 

Grooved  wall  artery 
Helical  gutter  artery 
Homogeneous  wicK 
Screened  tube 

Effect  of  oends  on  wall-friction  factor  conaidared 


capsule  (labeled  "EBR-IJ.  Test  Heat  Pipe"  in  Figure  13)  has  exceeded 
tne  contingency  operation  value  for  radial  heat  flux  by  a factor  of  3. 

The  SP-100  design  calls  for  lithium  heat  pipes  that  are  U m in 
length.  A program  to  fabricate  prototype  units  of  these  heat  pipes  is 
currently  under  way.  In  one  case,  the  capillary  pore  aiameter  of  the 
pumping  wick  '*^30  m and  the  heat  pipe  diameter  is  15.9  mm.  In  the 
other  case,  the  diameter  is  relaxed  to  17.5  ram — at  the  cost  of  some 
increase  in  the  SP-100  system  mass — and  the  capillary  oore  diameter  is 
45  ro,  easily  attainable  with  a 400  mesh  molybdenum-rhenium  screen 
tnat  has  recently  become  available.  Both  can  meet  the  long-term 
contingency  operating  capability  with  a 1.20  design  margin.  However, 
the  larger  diameter  is  favored  because  its  required  operating  regime 
is  farther  from  the  sonic  limit  curve,  and  nence  the  temperature  drop 
down  the  length  of  the  pipe  for  its  design  operating  condition  is 
less.  This  effect  is  shown  in  Figure  15,  where  temperature  crop  for 
an  8-m-long  heat  pipe  carrying  15  kW  at  an  evaporator  exit  ten^erature 
of  1500  K is  plotted  as  a function  of  outside  neat  pipe  diameter.  A 
constant  effective  heat  pipe  wall  and  wick  thickness  of  1.15  mm  is 
assumed  in  this  calculation. 

Althougn  the  SP-100  design  requires  heat  pipes  only  for  primary 
transport  of  reactor  neat,  earlier  reactor  system  designs  required 
lower  temperature  heat  pipes  to  form  the  waste  heat  radiator  surface, 
as  shown  in  Figures  4 and  5.  Experimental  investigations  of 
titaniuffl/potassium  heat  pipes  for  this  application  include  testing  of 
a 5.5-m-long  dual-artery  unit  at  the  projected  operating  temperature 
of  770  K and  also  under  conditions  of  fractional  capacity  operation. 
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Figure  16  stiows  the  temperature  profiles  obtained.  Of  particular 
interest  are  tne  observations  that  start>up  of  such  a long  neat  pipe 
with  solid  potassium  in  the  wick  presented  no  difficulties  and 
operation  at  fractional  power  with  as  little  as  half  <.he  heat  pipe 
operating — and  the  otner  half  with  frozen  working  fluid — was  stable. 


hfiAT  PIPE  LIFETIiHb: 

The  heat  pipe  analytical  ana  experimental  work  cone  to  date  nas 
establisned  a very  nign  degree  of  confidence  in  meeting  tne  SP-lOU 
core  heat  pipe  performance  requirements.  Demonstrating  this  for  an 
B-m-long  neat  pipe  is  a near-term  goal  of  the  bP-lOO  program.  The 
other  main  question  about  the  core  heat  pipes  concerns  their  benavior 
over  multiyear  operating  times.  Program  emphasis  is  now  shifting  to 
demonstrating  suen  lifetime  capability  at  full  operating  power. 

Earlier  testing  oy  a number  of  research  groups  has  shown  chat  very 
long  operating  lifetimes  are  attainable.  It  has  also  revealed  design 
weaknesses  that  must  be  avoided.  Table  3 lists  long-term  test  results 
for  lithium  heat  pipes  fabricated  from  a variety  of  materials. 
Lifetimes  of  10,000  hours  were  obtained  ror  T2M  heat  pipes,  but  in 
each  of  three  cases,  failure  occurred  as  a result  of  the  cracking  of 
end  cap  weldc.  Thus  weld  design  and  weld  quality  are  of  great 
importance,  particularly  for  materials  like  TZM  and  high-purity 
molybdenum,  for  whicn  _ven  electron-beam  welds  are  brittle.  The 
W-26Re  test  ran  without  incident  for  10,000  hours. 

The  longest  litnium  heat  pipe  lifetime  aemonstratea  to  date  was 
achieved  witn  a short  unit  fabricatea  from  low-carbon,  arc-case  (LCAC) 
molybdenum  that  operated  for  25,400  hours  at  1700  K with  a heat 
transport  rate  of  approximately  1 kW.  The  wall  of  this  neat  pipe 
experienced  extensive  grain  growth,  to  tne  point  tnat  the  grain 
diameter  became  several  times  the  1-mm  wall  t.hickness.  The  unit 
failed  when  lithium  leaked  from  several  holes  in  the  evaporator,  not 
long  after  tne  unit  had  been  placed  in  a lathe  for  remachining  of  a 
support  stem. 

The  tests  listed  in  Table  3 ail  operated  at  200-375  K nigher  than 
the  normal  operating  temperature  of  the  SP-100  reactor  core  heat 
pipes.  Thus  tne  test  results  are  felt  to  be  very  encouraging  in  terms 
of  projecting  longevity  for  operation  at  1500  K,  particularly  if  weld 
eraorittiement  can  be  avoided  and  wall  material  grain  growth  kept 
within  oounds. 


M/.TERTors  ENVIRONMENT  CONSIDERATIONS 

The  selection  of  materials  from  wnicn  to  fabricate  the  SP-iOO  reactor 
core  heat  pipes  is  severely  limited  oy  three  requirements.  Tne  first 
is  chemical  con^tibility  witn  the  working  fluid  and  reactor  fuel. 
Another  is  creep  strength  at  i500  K,  and  tne  third  is  ductility  at 
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TAULb  i LithiuM  heat  Pipe  Life  Teat  Data 


Material 

Temperature 

(K) 

Operation 

Time 

(h) 

Reference 

Remar KS 

W-16ite 

1875 

10,000 

Busse  11971) 

T£M 

1775 

10,526 

kouKlove  (1868) 

Meld  crack  mg 

Titi 

1775 

10,400 

Eastman  (1969) 

Weld  cracking 

TZrt 

1775 

5,800 

Eastman  (i9b9) 

Weld  cracking 

Nb-lZr 

1775 

9,000 

Busse  (1966) 

Mo(LCiiC) 

1700 

25,400 

Large-grain 

formation 

iauncn  temperatures,  wnicn  couia  conceivaoiy  Pe  as  low  as  200  K ror 
bcx38t  of  a space  power  supply  from  iow-ievei  to  nigh-ievei  eartn 
orbit.  The  strength  requirement  effectively  exciuaes  ail  but 
refractory  metals  from  consideration.  It  also  excludes  niobium  from 
the  group  of  potential  refractory  mecais.  Tantalum,  and  niobium  as 
well,  tend  to  take  oxygen  from  UO^  fuel,  potentially  resulting  in 
free  uranium  formation.  The  selection,  then,  is  limited  to  tungsten, 
rhenium,  and  molybdenum  or  alloys  tnereof.  Because  tungsten  and 
rhenium  have  nigh  densities  and  are  difricuit  to  work  (rhenium  because 
it  work-naraens  so  readily) , and  because  tungsten  nas  a high 
ductile-brittle  transition  temperature  and  rhenium  is  expensive, 
neither  material  oy  itself  appears  suitable.  This  leaves  moiyudenum 
or  molybdenum-base  alloys  as  tne  best  materials  for  core  heat  pipe 
fabrication.  The  material  of  choice  is  an  alloy  of  molybdenum  and 
rhenium  containing  13  percent  oy  weight  of  the  latter.  This  alloy  is 
ductile  at  temperatures  well  oelow  200  K and  at  this  temperature  snows 
e'  ilent  weld  ductility. 

Because  tne  evaporators  of  the  SP-lUO  heat  pipes  form  part  of  the 
reactor  core,  tne  materials  questions  become  considerably  intensified 
owing  to  the  effect  of  the  reactor  environmer...  The  proximity  of 
UO^  fuel  and  litnium  working  fluiu  is  illustrated  by  the  fuel  moouie 
shown  in  Figure  17.  Part  of  the  UO2  abuts  the  neat  pipe  wail,  which 
is  0.75  mm  thick.  The  inner  wail  of  the  neat  pipe  is,  of  course, 
saturated  with  lithium.  Direct  contact  will  also  occur  between  the 
UO2  and  the  Mo-lJRe  fins.  During  normal  operation,  the  fin 
teoperature  will  oe  1510  K adjacent  to  the  heat  pipe  and  as  hign  as 
1730  K in  the  module  corners.  These  values,  as  well  as  other  fuel 
conditions,  are  listed  in  Table  4. 

An  example  of  the  effect  of  reactor  environment  is  the  diffusion  of 
oxygen  tnrough  the  heat  pipe  wall.  This  is  an  important  consideration 
because  lithium  metal  will  take  oxygen  away  from  even  stoicniometric 
UO2.  During  the  SP-100  reactor  lifetime  of  7 years,  about  3.5 


TABLE  4 Fuel  Oonditions  tor  i,bU0-i(N  SP-100  Reactor 


Fin  teiiMrature  range 
UorBai  operation 
Failed  interior  heat  pipe 
Tranaient  peaK 

UO2  tile  miapiane  temperature 

Total  burnup  (7  yr) 

Average 

Maxinuffl 

Fission  rate 
Average 


1510-1730  K 
1530-2150  K 

2330  K ( 24  h) 

Add  30  K to  fin  temperature 

8 X 10^^^  fis/cm^,  3.5%  U atoms 
1 X 10 21  fis/cm^,  4.04  U 
atoms 

3.6  X I0I2  fis/cm^  (IIS 
W/cml ) 


percent  of  tne  uranium  atoms  are  fissioned,  and  because  tne  fission 
proaucts  are  less  oxidizable  tnan  uranium,  tne  UO2  oecomes  somewhat 
nyperstoicniometric.  This  results  in  a freer  supply  of  oxygen  to 
diffuse  to  tne  iitnium  so  that  if  th«.  diffusion  rate  in  Mo-i3Re 
were  too  high,  sufficient  Li02  couiu  _orm  in  che  neat  pipe  to  hinder 
its  operation  by  blocking  tne  flow  passages  in  the  wick  with  a 
nonvolatile  liquid,  decreasing  tne  wettaoility  of  the  wick  structure, 
or  decreasing  the  surface  tension  of  the  lithium.  (A  preliminary 
experiment  to  estimate  tne  magnitude  of  the  UO2  diffusion 
coefficient  in  Mo-4Re  and  molybdenum  has  indicated  tnat  it  is 
sufficiently  low  to  prevent  serious  lifetime-limiting  effects,  out 
must  oe  confirmed  by  more  rigorous  experimentation  and  testing.) 

Other  effects  of  tne  reactor  environment  include  stresses  caused  by 
fuel  swelling,  the  effect  of  such  stresses  on  grain  growth,  and  the 
effect  of  grain  growth  on  heat  pipe  wall  integrity.  Fast-neutron-flux 
effects  on  grain  growth  and  creep  strength  may  be  important.  A small 
amount  of  nydrogen  ana  helium  generation,  primarily  from  neutron 
capture  oy  the  7x^^  working  fluid,  will  occur  in  the  heat  pipes, 
potentially  modifying  their  behavior,  and  fission  products  aenerated 
in  the  b02  may  interact  with  the  rto-13Re  fin  and  heat  pipe  wail 
material. 


Rj:;S£ARCH  REQUIREMENTS 

At  the  present  stage  of  high-tempcrature  heat  pipe  development,  it  is 
safe  to  assume  that  tne  probability  is  very  good  that  Iitnium  heat 
pipes  meeting  the  requirements  of  the  SP-lUO  reactor  design,  including 
the  lifetime  requirement,  can  be  built.  The  goal  of  the  core  heat 
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pipe  development  progcdm  over  tne  next  tew  years  is  to  prove  tnat  tnls 
IS  tne  case  tnrougn  an  extensive  rabrication  ana  testing  effort 
closely  supported  by  corollary  experimentation  ana  analysis.  Speciric 
areas  wnere  researcn  is  neeued  are  analytical  modeling  of  tbe  neat 
pipe,  cnaracter ization  of  nest  pipe  envelope  materials,  interactions 
of  oxygen  ana  fission  pruaucts  with  neat  pipe  materials,  and 
derinition  of  impurity  effects  on  neat  pipe  operation. 


Analytical  Modeling 

Tne  neat  pipe  code  UTPIPE  is  able  to  predict  steady  state  neat  pipe 
performance  for  a tnree-region  neat  pipe  (evaporator,  adiabatic 
section,  and  condenser)  wnere  tne  axial  dependence  of  tne  evaporator 
neat  input  and  condenser  neat  outflow  is  constant.  The  code  does  not 
predict  kinetic  eifects  sucn  as  start-up  beitavior  or  tne  etlects  of 
power  cnanges.  It  also  is  not  able  to  predict  tne  curves  snown  in 
Figure  16  wnere  the  neat  pipe  is  operating  over  oniy  a fraction  of  its 
length.  These  are  two  areas  where  tne  analytical  code  needs  further 
deve lopnent. 

More  oasic  work  tnat  is  needed  involves  two-dimensional  modeling  of 
tne  vapor  dynamics  in  all  tnree  regions  of  the  neat  pipe,  includir^ 
radial  transfer  of  energy,  flow  profiles,  and  effects  leading  to 
transition  from  laminar  to  turoulent  flow  conditions,  particularly  in 
the  auiaoatic  region.  A better  understanding  or  the  energy  exenange 
at  vapor-liquid  interfaces  would  also  be  valuable. 

Tnermocnemical  modeling  nas  ueen  initiated  in  tne  neat  pipe 
development  activities  at  Los  Alamos,  but  this  work  needs  to  oe 
expanded  and  coupled  to  kinetic  theory  to  study  solubility  Kinetics 
and  material  transport  mechanisms  to  determine  now  tnese  mechanisms 
are  influenced  oy  the  presence  of  impurities,  and  a..so  to  investigate 
tne  effect  of  impurities  on  neat  pipe  performance.  Perforsiance 
effects  can  occur  because  of  cnanges  in  the  inter facial  wetting  forces 
caused  by  oxide  layer  formation  and  changes  in  tne  surface  tension  of 
tne  worKing  fluid  because  of  dissolved  impurities.  Otner  potential 
effects  on  performance  inciuoe  olugging  of  the  wick  flow  channels, 
increase  of  capillary  pumping  pore  size  oy  erosion/corrosion  effects, 
noncondensible  gas  generation,  ana  tne  formation  and  accumulation  of 
low-voiatility  rluid  (sucn  as  Iitnium  suooxides) . Aiso  very  important 
in  the  analysis  or  impurity  effects  is  the  understanding  of  tne 
gettering  benavior  or  materials  put  in  tne  heat  pipe  to  immobilize 
impurities. 


heat  Pipe  Periormance  Lxperiments 

Experimental  investigation  of  high-temperature  heat  pipes  has  been 
hampered  oy  the  difficulty  of  maxing  measurements  otner  tnan  heat 
transport  and  t«  mperature  profiles.  These  suffice  for  many  purposes 
but  are  not  sufficient  for  investigating  impurity  effects,  start-up 
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•ffects,  Mtcciai  kxgcdCion,  «nd  sucn  •tc^ighf tocw«td  tninga  «s  tn« 
location  of  excess  wocKxng  fluid  toi  vsciuus  opecscing  condiciuns. 
SMliosctivc  trseexs  coaoined  wicn  gesM  scanning  tsctmiquss  h£<^e  osen 
proposed  for  Masuring  nateriai  aigration  rates*  and  currently  neutron 
sensing  of  ^Li  is  being  studied  tor  aeasuring  wurxing  tiuia 
distrioution. 

Observations  of  Uipurity  eoveaent  and  aetereination  ot  tne  specific 
■eebanisas  oy  wnicn  tnese  eater lals  lieit  beat  pipe  performance  are 
very  lightly  studied  areas.  When  nign-teag>erature  h'lst  pipes  are 
taken  tu  a limit,  a rather  wide  range  ot  oehavior  is  observed.  Tne 
boiling  liisit  effect  is  orcusatic  and  easily  identifieu  because  tne 
entire  evaporator  begins  to  heat  up  rapidly  ehen  this  liait  is 
reached,  but  for  utner  "taiiures,”  tne  ouserved  etiect  is  often  no 
■ore  titan  the  appearance  of  a not  spot  in  the  evaporator  eali.  A 
strict  mechanistic  interpretation  ot  tne  nature  ot  tnese  "not  spots," 
now  tney  are  tornsd,  why  they  tors  in  a variety  ot  locations,  and  how 
they  grow  with  increasing  net  . input  oi  witn  time  at  constant  neat 
input,  does  not  exist.  A program  of  research  to  understand  tneir 
causes  and  behavior  could  provide  a valuaoie  contribution  tu  tne 
understanding  ot  tne  more  subtle  aspects  of  h^at  pipe  oenavior. 


Materials  Investigation 

Because  the  physical  and  mecnanicai  properties  data  base  of  the 
mateiial  selected  for  tne  reat  pipe  waii  and  wick  oi  the  aP-xOO 
reactor  core  neat  pipes,  Mo-lise,  is  small,  a considerable  amount  of 
work  must  oe  done  to  cnaraccerize  tnis  material  more  tuny.  Tne 
neeoeu  work  incluues  measureawnts  of  nign-temperature  strength, 
including  long-term  creep,  as  well  as  measurements  ot  low- temperature 
ductility.  The  latter  needs  tu  ue  done  for  wrought  material  and 
recrystailized  material,  with  particular  attention  to  weld  ductility 
at  low  temperature.  The  effect  of  impurities  on  tne  properties  ot  the 
material  also  needs  to  be  studied  in  order  that  realistic  purity 
specifications  can  be  establisned  to  obtaining  the  material  in  large 
quantities,  neasurements  even  of  or  utary  properties  liKe  ttiermal 
expansion  coefficients,  thermal  conductivity,  and  specific  heat 
neasurements  must  be  extended  over  tne  entire  range  ot  projecteu 
operation  ot  the  material.  Grain  growth  as  a function  of  temperature 
and  stress  is  another  important  phenomenon  requiring  study. 

As  indicated  earlier,  tne  understanding  of  oxygen  diffusion  in  tne 
heat  pipe  wall  is  very  important.  Hence  careful  measurements  of 
oxygen  diffusion  coefficients  and  solubility  in  Mo-l3Re  must  be  made 
and  the  effects  of  impurities  on  tnese  quantities  determined. 

Diffusion  of  specific  fission  product  species  such  as  iodine  should 
also  be  studied  to  see  if  any  problems  mignt  arise  from  this  source. 

Studies  ot  tne  effects  of  neutron  irradiation  and  fission  fragment 
implantation  on  tne  properties  of  tne  heat  pipe  wail  and  fin  uoduie 
will  require  irradiation  testing.  A program  of  such  testing  has  been 
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initiated  to  investigate  nuclear  fuel  behavior  in  the  SP-100  fuel 
■oduie  gecaietry.  These  tests  will  use  the  sane  materials  selected  for 
the  SP-lUO  reactor  and  will  actually  feature  temperature  control  by 
means  of  a gas-filied  lithium  heat  pipe,  dence  they  will  yield 
important  information  on  the  affects  of  the  reactor  environment  on 
neat  pipe  operation,  including  fission  proouct  and  oxygen  diffusion, 
neutron  damage  effects,  and  grain  growth  under  irradiation  and  stress 
conditions. 

Tne  materials  research  activities  outlined  aoove  nave  oeen 
described  in  terms  of  one  alloy,  Mo-13Re,  because  sufficient  aata  are 
available  on  this  material  to  justify  it  as  cne  prime  cnoice  for  the 
bP-lOO  reactor  fuel  modules.  However,  it  is  important  that 
alternative  materials  be  available,  and  nence  research  of  similar 
nature  should  proceed  on  tungsten,  molybdenum,  and  rhenium  ternary 
alloys  as  well  as  cungsten-rhenium  binary  alloys  and  possibly  others. 

SUMMARY 

Tne  intent  of  this  paper  has  been  to  show  rirst  of  all  that  some  very 
impressive  performance  and  lo.ig  lifetimes  have  been  obtained  in 
developing  nigh-temperature  heat  pipes  tor  application  to  space 
nuclear  reactor  power  systems  in  general  and  specifically  to  the 
SP-lOU  nuclear  reactor  power  system.  The  high-temperature  heat  pipes 
constitute  extremely  promising  technology  for  the  building  of  new 
space  reactor  systems,  ^t  the  Scune  time,  it  must  be  recognized  that 
extensive  testing  and  supporting  researen  need  to  be  done  to  prove 
that  high-temperature  neat  pipes  can  operate  at  high  power,  with  high 
reliability,  for  lifetimes  exceeding  7 years.  Such  a program  is  now 
getting  under  way  with  a goal  of  developing  prototypical  units  witn 
demonstrated  long-lifetime  capability  within  4 years  and  proving  that 
the  required  reliability  exists  within  ano'^her  2.  The  latter  program 
will  use  bayesian  testing  methods  to  establish  reliabili.y  rather  than 
relying  on  purely  statistical  test  methods. 
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FIGURE  2 View  of  the  SP-iOO  nuclear  reactor  s^ace  power  Fystem 
showing  reactor  core  heat  pipes  traversing  the  shield  and  forming  a 
truncated  conical  configuration  that  radiates  reactor  neat  to  an 
encompassing  array  of  thermoelectric  converter  panels.  Reject  heat  is 
radiated  to  space  from  the  outer  surface  of  this  array. 


FIGURE  3 Btayton-cycle  conversion  systen  tied  to  heat  pipe  reactor. 
This  design  features  a two  fold  redundancy  made  possible  by  a dual 
heat  exchanger  that  supplies  heat  from  the  reactor  heat  pipe  bank  to 
two  completely  independent  conversion  units. 
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TEMPERATURE 


FIGURE  7 Phencwiena  limiting  heat  pipe  performance.  For  lithiuia  heat 
pipes  the  liquid-dominated  wicking  limit  and  the  boiling  limit  are 
rartly  a factor. 
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Evaporator  Exit  Temperature,  K 


FIGURE  8 Example  of  benchmark  experiment  verifying  the 
performance-predictive  capability  of  HTPIPE.  The  solid  lines  are 
calculated  for  sodium  in  an  annular  wick  with  a capillary  pore 
diameter  of  24  /xm.  The  vapor  space  diameter  is  14.1  mm,  and  the 
evaporator,  adiabatic,  and  condenser  sections  are  each  0.60  m long. 
Turbulent  flow  in  the  adiabatic  section  is  assumed. 


1100  1200  1300  1400  1500  1600  1700  1800 
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FIGURE  9 Comparison  of  heat  pipe  performance  of  lithium  and  sodium 
working  fluids  for  an  annular  wick  pipe  with  14.1-mm  inside  diameter 
33-fia  capillary  pore  diameter,  two  90°  bends  with  0.2-m  radius  and 
evaporator,  adiabatic,  and  condenser  section  lengths  of  0.30,  1.03, 
and  0.6  m,  respectively. 


POWER  (kW) 
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FIGURE  11  Predicted  performance  of  SPAR-6  butterfly  artery  test  heat 
pipe  showing  relation  of  100-hour  operating  point  to  performance 
limits.  SPAR-6  is  a lithium  heat  pipe  with  an  outside  diameter  of 
15.9  mm,  45-Mm  capillary  pore  diameter,  and  evaporator,  adiabatic,  and 
condenser  region  lengths  of  0.3,  1.03,  and  0.6  m,  respectively. 
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FIGURE  12  Axial  heat  flux  achieved  by  several  2-m-lon9  lithium  heat 
pipes  compared  to  the  normal  and  contingency  operating  requirements 
for  the  8-m  SP"100  reactor  heat  pipes. 
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EVAPORATOR  EXIT  TEMPERATURE  (K) 


F’’GURE  14  Performance  predictions  for  8-m-long  heat  pipes.  Curve  a 
is  for  15. 9-mro-diameter  units  with  30-um  capillary  pore  diameter,  and 
curve  b is  for  17.5-ram-diameter  heat  pipes  with  45- capillary 
diameter.  Normal  and  contirigency  operating  points  are  shown  for  the 
SP-100  reactor  system  design. 
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FIGURE  17  Fuel  module  configuration  for  the  SP-100  baseiire  reactor 
design.  The  UO2  fuel  wafers  are  tightly  sandwiched  between  ho-13Re 
fins  that  are  attached  to  the  central  lithium  heat  pipe,  '^ev.ause  the 
heat  flow  is  radially  inward,  tho  corners  of  the  fuel  v.  If-;,  will  oe 
at  the  highest  temperature-  -approximately  1700  K for  no_  ope'-ation. 
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INTRODUCTION 

During  a 20-year  period,  from  i954  to  1974,  a massive  effort  was 
organized  and  guided  by  the  Depa>.wment  of  Defense  (DOD) , the  National 
Aeronautics  and  Space  Administration  (NASA) , and  the  Atomic  Energy 
Commission* (AEC)  to  develop  a refractory  metals  and  alloy  industry 
tnat  could  support  materials  needs  for  the  rapidly  developing  nuclear 
and  aerospace  industries.  These  materials,  which  are  based  on  the 
elements  columbium  (Co) , tantalum  (Ta) , mjlybdenum  (Mo) , and  tungsten 
(W) , are  characterized  by  high  melting  points  (refractoriness)  and  the 
retention  of  high  strengtn  at  tenqperatures  from  900o  to  17990C. 
Comparative  properties  are  summarized  in  Table  1 (Perkins,  1961) . 

Refractory  metals  have  been  used  since  tne  early  1900s  for 
specialty  applications  in  chemical  process  and  electronic  industries, 
but  it  is  only  in  the  last  20  years  that  high-strength  alloys  have 
been  produced  as  a full  line  of  mill  products  on  a tonnage  basis.  At 
tne  peak  of  this  era,  11  major  producers  were  manufacturing  over  20 
different  alloys  as  bar,  rod,  plate,  sheet,  foil,  tube,  and  wire 
(Tietz  and  PerKins,  1964) . Uign-quality  mill  products  were  extruded, 
forged,  rolled,  and  drawn  routinely,  with  sheet  sizes  up  to  40  in. 
wide  by  120  in.  long  for  some  alloys  of  Cr  and  Ta.  Tne  spectrum  and 
quality  of  products  were  comparable  to  those  of  stainless  steels  and 
superalloys.  Much  of  tnis  can  be  attributed  to  a major  effort 
initiated  by  the  Bureau  of  Naval  Weapons  and  ultimately  supported  by 
DOD,  the  Air  Force  Materials  Laboratory  (AFML) , NASA,  and  AeC  to 
develop  large-scale-production  capabilities  and  practices  for  the 
manuf-\cture  of  Mo,  W,  Cb,  and  Ta  alloy  sheet  (Maceclals  Advisory  Board 
(MAB) , 1966).  Other  programs  were  conducted  in  virtually  all  areas  of 
consolidation  and  fabrication,  including  melting,  extrusion,  forging, 
rolling,  and  tube  drawing  and  foil  rolling.  Advanced  facilities  were 
constructed,  including  fully  integrated  processing  plants  and  an  inert 
fabrication  plant  (Infab)  in  which  refractory  metals  could  be  forged 
and  rolled  to  24-in. -wide  sheet  in  an  argon  atmosphere  to  reduce 
surface  contamination  with  oxygen  and  nitrogen  (MAB,  1966). 
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TABLE  1 Properties  of  Refractory  Metal  Sheet  Alloys 
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During  the  same  time  period  (1954-1974) , a very  large  supporting 
technology  base  for  research,  aevelopnent,  testing,  and  evaluation  of 
refractory  metal  alloy ? was  established  in  both  industry  and 
government  laboratories.  New  alloys  with  improved  strength  and 
ductility  were  designed,  tested,  and  qualified  for  use.  The  total 
scope  of  this  effort  was  never  estimated,  but  it  was  vast  by  any  basis 
of  measurement.  As  one  example,  NASA-Lewis  Research  Center  (NASA-LRC) 
alone,  from  1963  to  1974,  contracted  over  $18  million  in  R6D  to 
develop  and  evaluate  alloys  of  Mo,  W,  Ta,  Cb,  and  Cr  (Klopp,  1974) . 

The  total  professional  staff  at  NASA-LRC  ranged  from  21  to  32 
full-time  investigators  in  tne  field  of  metallurgy  and  corrosion  of 
refractory  metals.  A total  of  2x5  staff  and  contractor  reports  on 
refractory  metals  were  prepared  under  this  program  as  indicated  below 


Subject 

No.  Reports 

W,  Mo  alloys 

39 

Cr  alloys 

24 

Cb,  Ta  alloys 

25 

Surface  coatings 

20 

Liquxd-metai  corrosion 

33 

Nuclear  technolo^v 

66 

Porous  ionizer 

8 

215 

A summary  of  corresponding  efforts  by  other  NASA,  DOD,  and  ARC 
laboratories  during  this  period  is  not  available  (to  the  author's 
)cnowledge)  . 

By  the  early  1970s,  a superb  tecnnical  base  for  supporting  a major 
use  of  refractory  metals  in  nuclear  and  aerospace  applications  had 
been  established.  Unique  test  facilities  required  to  obtain  data  on 
materials  properties  under  controlled  environmental  conditions, 
including  ultrahign  vacuum  (10~^  Tore) , were  constructed,  and  a 
large  staff  of  trained  personnel  was  active  throughout  the  country  in 
developing  needed  engineering  design  data.  One  unique  nigh- 
temperature  test  facility  at  TRW  Cleveland  had  18  test  stands  with 
10“^  Torr  vacuum  capability  for  controlled  environment  creep  tests 
(Kiopp,  1974).  NASA-LRC  had  a fully  integrated  facility  for  melting, 
fabrication,  and  controlled  environmental  testing  of  refractory 
alloys.  Other  government  laboratories  of  NASA,  as  well  as  the  Air 
Force,  Army,  Navy,  and  ARC  and  industrial  laboratories  of  both 
producers  and  users,  had  extensive  research,  development,  and  testing 
facilities.  Vast  quantities  of  data  on  alloy  properties  and  behavior 
were  being  generated. 

Two  decisions  in  the  early  1970s  drastically  altered  the  refractory 
metals  industry  and  supporting  technology  base.  Work  on  nuclear  space 
power  systems  was  terminated  in  January  1973  for  an  indefinite 
period.  At  about  the  same  time,  reusable  surface  insulation  (RSI)  was 
selected  over  coated  refractory  metals  as  the  basic  thermal  protection 
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system  for  the  Space  Shuttle.  Tne  only  continuing  work  was  on  the  use 
of  refractory  metals  in  missile  and  spacecraft  propulsion  systems,  jet 
engines,  and  a variety  of  industrial  applications.  This  drastically 
curtailed  activities  at  all  levels  of  production,  R&D,  and 
testing/evaluation  in  both  industry  and  government  facilities.  At 
NASA-LRC,  for  example,  the  professional  staff  specializing  in 
metallurgy  and  corrosion  of  refractory  metals  dropped  from  16  in  1972 
to  1 in  1974,  and  the  budget  for  refractory  metal  R6U  decreased  from 
$1.3  million  in  1972  to  zero  in  1972  (Klopp,  1974).  Similar  decreases 
occurred  throughout  the  industry. 

In  the  intervening  period  since  tnen,  major  changes  c'nd  adjustments 
have  occurred  in  the  industry.  Four  of  the  major  producers  (Dupont, 
Universal-Cyclops,  Stauffer  Metals,  and  Westinghouse)  ceased 
operations  with  refractory  metals  and  either  dismantled  facilities  or 
coiwiitted  them  to  other  uses.  Production  was  curtailed  by  the 
remaining  seven  and  was  limited  to  the  manufacture  of  those  materials 
being  used  for  ongoing  applications  in  missile  and  spacecraft 
propulsion,  nuclear  programs,  and  commercial  uses  by  the  chemical  and 
electronics  industries.  Much  of  tne  production  equipment  was 
dedicated  to  other  uses  or  sold  as  the  industry  readjusted  to  a 
reduced  volume  market. 

Of  greater  importance  to  the  overall  industry  was  the  near-total 
collapse  of  the  supporting  technology  base.  Laboratories  were  closed, 
and  equipment  was  dismantled  and  often  sold.  For  example,  the  18 
high-vacuum  creep  test  stands  for  environmental  testing  were  returned 
to  na:>A.  They  were  sold  or  donated,  and  their  current  status  is 
unknown.  Technical  personnel  were  reassigned  or  took  other  jobs  in 
different  areas  in  nearly  all  industry  and  government  laboratories 
that  were  involved  in  RCiD  or  testing  and  evaluation  of  refractory 
metals.  Much  of  the  work  that  had  been  started  was  left  unfinished. 
Data  that  had  been  gathered  were  filed  away  in  numerous  internal  and 
government  reports. 

In  1974,  a NASA  study  was  unable  to  identify  any  near-term  missions 
that  would  require  refractory  metals  technology  beyond  the  then  state 
of  the  art  (Siegel,  19/4) . This  situation  has  remained  largely 
unchanged  until  present.  Now,  advanced,  contact  nuclear  systems  are 
being  reconsidered  as  portable  thermal  and  electrical  power  sources 
for  possiDle  aerospace  propulsion  or  other  uses.  Such  systems  will 
require  tne  extensive  use  of  refractory  metals,  some  of  which  may  be 
state  of  the  art  and  some  of  which  may  be  advanced  materials.  This 
paper  reviews  the  current  state  of  the  art  of  refractory  metal 
technology  and  assesses  the  problems  that  may  be  encountered  in 
supporting  a new  technology  in  advanced  space  power  systems.  Critical 
problem  areas  that  may  need  to  be  solved  for  adequate  materials 
support  are  identified. 
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INDUSTRY  STATUS 
Alloy  Production 

Tne  major  producers  o£  high-pur Ity-vacuum  (low  interstitial)  arc-  or 
electron-beam-nelted  (EB-melted)  refractory  metals  and  alloys  and  the 
mill  products  currently  in  production  are  listed  in  Tables  2 and  3. 
Tungsten  and  its  producers  are  not  listed  since  it  is  no  longer 
manufactured  via  an  arc-melting  route.  All  current  coounerclal 
production  of  tungsten  is  by  powder  metal  processes.  It  should  be 
noted  that  all  of  the  alloys  listed  in  Table  3 also  can  be  produced 
via  a powder  metal  route  and  several  suppliers  of  Ho,  Cb,  and  Ta 
alloys  as  either  powder  metal  or  vacuum-melted  and  wrought  materials. 

Alloys  for  nuclear  power  applications  involving  lithium  or 
potassium  heat  exchange  media  were  produced  in  the  past  as  high-purity 
arc-  or  EB-melted  materials.  High  oxygen  contents  associated  with 
powder  metal  products  contaminated  coolants  and  accelerated 
corrosion.  Problems  with  producing  ductilv^,  crack-  and  pore-free 
welds  with  powder-metal-processec  alloys  were  alfX)  encountered.  In 
recent  years,  there  has  been  a trend  in  the  industry  toward  greater 
use  of  powder  metal  consolidation,  particularly  for  the  manufacture  of 
near  net  shapes  for  cost  reduction.  The  quality  of  powder  metal 
Cb-base  alloys  has  been  improved  significantly,  and  oxygen  contents 
are  now  within  the  specification  range  for  EB-melted  and  wrought 
alloys.  Mechanical  properties  of  powder  metal  and  EB-melted  wrought 
alloys  also  are  comparable,  and  weldability  appears  to  be  good 
(Wadsworth  et  al. , l*)82a)  . These  materials  have  not  been  evaluated 
for  nuclear  power  plant  use,  however,  and  would  have  to  be  qualified 
before  any  large-scale  use  could  be  considered.  Powder  metallurgy  Mo 
products  in  general  are  similar  to  those  produced  for  the  past  30 
years.  These  alloys  tend  to  present  more  problems  with  brittle 
fracture  than  arc-cast  alloys,  and  the  latter  are  still  preferred:  for 
structural  applications  in  aerospace  systems.  AMAX  produces  two 
grades  of  arc-cast  unalloyed  Mo:  low  carbon  (less  than  50  ppm)  and 

normal  carbon  (more  than  50  ppm) . The  low-carbon  grade  presents  the 
least  problems  with  brittle  fracture  and  is  preferred  for  aero^>ace 
structural  applications. 

The  alloys  listed  in  Table  2 are  those  currently  manufactured  on  a 
routine,  continuing  basis  for  both  aerospace  and  commer'^ial 
applications.  They  are  produced  as  a full  range  of  mill  products, 
although  activities  in  tubular  products  are  largely  limited  to  a few 
Cb-  and  Ta-base  alloys.  Mo  and  T2M  tubing  are  not  being  produced  on  a 
continuing  basis  but  are  available  from  several  tube  mills  as 
specialty  products.  The  standard  sheet  product  for  all  materials 
currently  is  24-in.  x 48-in.  maximum.  The  industry  does  produce  some 
wider  sheet  at  present  but  would  need  to  use  steel  mill  equipment  for 
processing  if  wider  products  were  needed  on  a large-ccale  basis. 

Of  the  above  alloys,  only  the  unalloyed  metals,  TZM-Mo,  Cb-12r,  and 
the  Ta-base  alloys  are  maintained  in  open  but  limited  stock.  All 
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TABLE  2 Major  Producers 


Major  Producers 

Primary  Mill 
Products 

i'MAX  Specialty  Metals  Co.,  Parsippany,  N.J. 
Wfch  Chang  Corp.,  Albany,  Or eg. 

Fansteel  Metals,  North  Chicago,  111. 

KHI  Division  Cabott  Corp.,  P'^yertown,  Pa. 
National  Research  Corp.,  Boston,  Mass. 

No  alloys 
Cb,  Ta  alloys 
Cb,  Ta  alloys 
Cb,  Ta  alloys 
Cb,  Ta  alloys 

TABLE  3 Major  Refractory  Metal  Mill  Products 

Alloy* 

Bar 

Plate 

Sneet 

Tute 

Wire 

M3 

X 

X 

X 

X 

TIM-Mo 

X 

X 

X 

X 

MO-30W 

X 

X 

X 

Co 

X 

X 

X 

X 

X 

Cb-IZR 

X 

y 

X 

X 

X 

Cb-lOHf  (CIO 3) 

X 

X 

X 

X 

Cb-10W-2.5Zr  (Cb  752) 

X 

X 

X 

Cb-30Ht-9W 

X 

X 

X 

Cb-33Ta-lZr  (F585) 

X 

X 

X 

Co-oOTa 

X 

X 

X 

Ta 

X 

X 

X 

X 

X 

Ta-2-l/2W 

X 

X 

X 

X 

X 

Ta-lOW 

X 

X 

X 

X 

X 

Ta-8W-2Hf  (T-111) 

X 

X 

X 

X 

X 

SAcc-  or  £B-nelted  netal  and  alloy  products. 


outer  materials  are  produced  on  a batch  basis  as  ordered  and  are  not 
inventoried.  Production  of  an  alloy  order  can  cake  as  much  as  16-20 
weeks,  depending  on  the  product  required  and  the  level  of  activity  in 
the  industry.  Tubing  has  the  longest  lead  time. 

The  only  alloys  currently  in  production  that  are  basic  to  nuclear 
uses  and  are  fully  qualified  for  use  in  nuclear  power  systems  are 
Cb-lZr  and  T-111.  The  Ta-base  alloys  that  would  be  required  for 
advanced  nuclear  power  systems  (T-111,  ASTAR  811-”)  are  currently  not 
being  manufactured  by  most  producers.  T-111  is  being  made  by  National 
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Research  Corporation  on  a routine  production  bat  is  as  a complete  line 
of  mill  products^  including  welded  tube.  However , these  alloys  could 
be  manufactured  by  all  the  major  producers  if  needed,  and  a full 
capability  for  their  production  exists,  in  addition,  Westinghouse, 
the  developer  and  former  manufacturer  of  T-111,  has  an  integrated 
production  facility  in  Ogden,  Utah,  that  could  be  made  available  if 
needed  to  supply  nuclear-grade  Ta  alloys  The  plant  currently 
produces  zironium  alloys  but  is  capaole  of  producing  Ta  alloys  if 
needed.  All  producers  expressed  an  interest  and  desire  to  supply  the 
needs  of  any  possible  new  applications  by  manufacturing  virtually  any 
of  30  different  former  commercial  alloys.  Producers  are  very 
receptive  to  toll  production  of  new  materials  at  the  present  time. 

The  refractory  metal  industry  appears  to  be  fully  capable  of 
supporting  any  major  use  of  the  three  basic  alloys  that  are  likely  to 
be  needed  for  advanced  space  power  systems:  Cb-lZr,  T-111,  and  ASTAR 

811-C.  Melting  and  faorication  capacity  for  Mo,  Cb,  and  Ta  alloys  is 
adequate,  ar.d  supplies  of  raw  materials  are  ample.  Columbium,  for 
example,  is  in  a state  of  high  excess  capacity  at  present.  The  demand 
for  mill  products  is  down  30-45  percent  from  1981,  and  there  is  an 
estimated  excess  production  capacity  of  5 million  Ib/yr  (Marsh, 

1982).  The  situation  with  tantalum  is  similar.  Whereas  a severe 
shortage  existed  a year  ago,  current  demand  for  nearly  all  products  is 
down,  up  to  50  percent  in  some  cases.  The  production  in  1982  will  be 
940,000  lb  compared  to  l,700,vu0  lb  in  1980.  Supply  greatly  exceeded 
demand,  and  prices  are  down,  lantalum  powder,  which  was  at  a peak  of 
$214/lb,  is  now  available  for  $108/lb.  Similar  price  reductions  exist 
for  Cb  alloys,  with  Cb-lZr  redraw  tuoe  down  from  $118/lb  last  year  to 
$72/lb  today  (Marsh,  1982) . 

The  only  major  problem  in  tne  industry  that  could  affect  nuclear 
space  power  systems  is  related  to  the  manufacture  of  very  high 
strength  alloys  and  to  the  production  of  seamless  tubing,  particularly 
Mo  and  Mo  alloy  tubing.  The  available  extrusion  capacity  for  large 
presses  is  limited  to  about  1500^  F maximum  billet  temperature. 

This  is  adequate  for  low-  to  moderate-strengtn  alloys  but  t#ould  be 
inadequate  for  higner  strength  materials.  High-carbon  Mo  and  W alloys 
such  as  TZC,  WZC,  Mo-Uf-C,  and  W-Uf-C  are  normally  extruded  from 
26000  to  4000OF.  The  high-strength  Mo-Hf-C  alloys,  for  exfuaple, 
are  extruded  from  3500Op.  Special  heating  equipment  would  have  to 
be  installed  to  process  these  materials  on  available  presses.  The 
largest  extrusion  press  currently  in  use  for  Mo,  Ta,  and  Cb  alloy 
production  is  the  5,500-ton  press  operated  by  AMAX  at  Coldwater, 
Michigan. 

Manufacture  of  seamless  tubing  is  a unique  problem  that  would  need 
to  be  solved  for  nearly  all  materials  except  unalloyed  Cb  and  Cb-lZr. 
Tube  production  capability  for  refractory  metals  is  limited  and  is 
particularly  inadequate  for  Mo-basa  alloys.  Large  press  and  draw 
equipment  must  be  built  for  efficient  production  of  high-quality  tube, 
and  suitable  tube  drawing  practices  must  be  developed.  AMAX  estimates 
a 2-  to  3-year  lead  time  to  develop  suitable  equipment  and  practices 
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to  support  large-scale  use  of  Mo  and  **:b  alloys  as  tubular  products  In 
space  power  systems  (Burman*  1982)  . 


Testing  and  Evaluation 

Refractory  metals  and  alloys  must  be  tested  and  evaluated  under  the 
unique  environmental  conditions  that  eitner  duplicate  or  simulate  the 
operating  environment  for  a given  application.  This  is  particularly 
true  for  long-time  high-temperature  exposure  such  as  creep  or 
liquid-metal  corrosion  tests.  The  effect  of  atmosphere  on  creep 
behavior  is  illustrated  in  Figure  1.  Creep  tests  in  a diffusion- 
pumpsd  vacuum  chamber  (about  10~5  Torr)  give  2-3  times  the  creep 
life  for  1-2  percent  strain  compared  with  tests  of  the  same  material 
under  the  same  applied  stress  and  temperature  in  an  ion-pumped  chamber 
(about  10~9  Torr) . This  difference  in  purity  level  during  test  is 
very  large*  and  data  from  tests  in  moderate-vacuum  equipmen*'  cannot  be 
used  to  design  materials  for  use  in  a high-vacuum  (i.e.*  space) 
environment. 

Although  extensive  ultralo%f-vacuum  creep  tests  were  conducted  on 
alloys  such  as  T-111  or  ASTAR  811-C  in  the  late  1960s  and  early  1970s, 
the  results  do  not  cenprise  an  engineering  data  base  that  can  be  used 
to  design  and  qualify  new  systems  today.  New  heats  of  these  alloys 
that  will  be  produced  for  applications  in  the  future  will  need  to  be 
tested  in  depth  for  resistance  to  creep  under  ultra low- vacuum 
conditions,  since  their  behtvior  will  not  necessarily  be  the  same  as 
that  of  previously  tested  materials.  Testing  may  not  need  to  be  as 
extensive,  but  each  new  heat  of  material  will  have  to  be  qualified. 
Alloys  that  have  not  been  tested  previously,  such  as  Mo  and  its 
alloys,  will  have  to  be  creep  tested  in  great  depth  under 
ultralow-vacuum  conditions.  In  addition,  all  tests  must  be  of  a 
duration  equal  to  or  greater  than  tne  design  life  of  structures.  As 
will  be  discussed,  creep  tests  of  refractory  metals  cannot  be 
accelerated,  and  short-time  creep  data  cannot  be  extrapolated  to 
predict  long-time  deformation  with  any  degree  of  reliability.  A 
design  life  of  10,000  hours  will  require  a minimum  of  10,000  hours  of 
creep  data. 

The  industry  at  present  is  not  capable  of  supporting  creep  testing 
and  qualification  of  either  formerly  used  alloys  (T-111)  or  new  alloys 
(Mo  base)  under  ultralow-vacuum  conditions.  Most  of  the  specialized 
equipment  built  from  1960  to  1970  no  longer  exists  (M.  U.  Titran, 
personal  communication) . NASA-UC  has  six  operating  ultranigh-vacuum 
test  stands,  and  other  laboratories  such  as  Westinghouse  and  oax  Kidge 
have  BKxlest  capabilities.  Any  revived  used  of  refractory  metals  in 
nuclear  space  power  systeu  will  require  extensive  rebuilding  of  this 
capability.  It  is  estimated  that  a minimum  of  12  units  would  be 
needed  to  develop  required  creep  design  data  for  one  alloy  under 
ultrahign-vacuum  conditions  (R.  H.  Titran,  personal  communication) . 
Cost  today  probably  would  approach  or  exceed  $100,000  per  unit. 
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assuming  the  required  Ion  pumps  and  basic  related  components  are  still 
available.  It  probably  would  take  at  least  2 years  or  more  to 
construct  the  facility  and  an  additional  1-2  years  to  conduct  the 
tests.  A similar  facility  would  be  neede«.\  for  each  additional  alloy 
composition.  This  will  be  a pacing  Item  In  the  design  and  development 
of  advanced  space  power  systems. 

A parallel  situation  exists  for  evaluation  of  materials  for 
resistance  to  attack  by  Ll  and  K.  Although  an  extensive  data  base 
exists  for  Cb-lZr  and  T-111,  current  production  materials  would  have 
to  be  requallfled  for  behavior.  Behavior  Is  very  sensitive  to  both 
alloy  structure  and  composltlonr  especially  oxygen  content,  and  It 
cannot  be  assumed  that  today's  materials  would  behave  the  same  as 
tt»se  of  15  or  20  years  ago.  New  materials  would  require  extensive 
testing.  Such  tests  normally  are  conducted  In  closed-loop  rigs  that 
simulate  closely  service  conditions  (Stang  et  al.  1966) . Test  rigs  In 
use  xO  years  ago  no  longer  exist,  and  a new  capability  would  need  to 
be  established. 

No  estimates  of  cost  or  lead  time  have  been  made,  but  this  also  Is 
considered  to  be  a pacing  Item.  Long-term  tests  are  necessary,  and 
short-term  data  cannot  be  extrapolated  for  reliable  life  prediction. 


Suf^rting  Technology 

The  loss  of  a supporting  technoxogy  base  that  has  occurred  over  the 
pi<st  years  Is  considered  to  be  a major  problem  In  the  use  of 
refractory  metals  for  advanced  nucxear  space  power  systems.  Technical 
personnel  with  the  required  knowledge,  training,  and  experience  In 
refractory  metals  for  effective  research,  deveXopnent,  and  engineering 
support  are  gone,  and  no  one  has  been  trained  to  take  their  place. 

Many  are  retired  or  near  retirement  and  as  such  could  conprlse  an 
Important  source  of  consultants  to  accelerate  the  transition  for 
reoulldlng  a sound  technical  base.  A new  generation  will  have  to  be 
educated  and  trainee  In  the  unique  and  often  complex  characteristics 
and  behavior  of  these  Mterlals. 

Unlike  stainless  steels  or  superalloys,  the  refractory  metals  hav«’ 
not  reached  a design  nandboux  stage.  Their  use  Is  guided  by  a 
knowledge  and  understanding  of  benavior.  Although  vast  asounts  of 
data  on  alloy  properties  and  behavior  have  been  accumulated  over  the 
past  30  years,  they  have  not  been  assembled  Into  a useful  engineering 
design  data  base.  Many  of  the  detailed  data  on  properties  and 
behavior  are  burled  In  numerous  but  scattered  voIusms  of  Industry  and 
government  reports.  Often  only  the  highlights  or  a aumeuiry  of 
selected  parts  of  the  work  Is  published  In  -he  open  literature.  Many 
of  these  are  no  longer  available  from  the  contracting  agencies  but  may 
be  available  from  A6TIA  or  the  National  Aeronautics  and  Space 
Administration's  Office  of  Sci^'^ntlflc  and  Technical  Information. 
Knowing  whlcn  studies  were  conducted  and  which  reports  exist  presents 
In  Itself  a formidable  task.  This  has  been  eased  to  some  extent  by 
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computerized  data  banka  and  search  systems,  provided  that  key  words 
selectea  to  catalog  the  work  bear  *ny  res'*mblance  to  those  selected 
for  tne  sq  irch.  Reports  issu«^  pricr  to  the  establishment  of  the 
National  Techrical  Information  Service,  or  tne  NASA  Office  of 
Scientific  and  Technical  Information  (in  1964  and  1962,  respect! .’ely) 
are  not  in  literature  data  banks  and  must  be  sought  out  by  other  means. 

It  would  be  very  useful  if  most  of  the  data  accumulated  over  the 
paLt  30  years  could  be  assembled  as  an  engineering  properties  data 
banK  on  refractory  metals.  Tne  task  of  educating  and  training  new 
personnel  as  well  as  providing  sound  technical  guidance  for  alloy 
testing,  evaluation,  and  use  would  be  greatly  simplified.  The  lack  of 
a sound  engineering  design  data  oase  will  unduly  increase  costs  and 
introduce  delays  as  well  as  an  element  of  risk  in  future  work  on  the 
use  of  these  materials,  particularly  in  advanced  nuclear  power 
syptems.  Tne  basis  for  such  a data  bank  already  e:tisv.s  in  the  form  of 
tt d Mechanical  Properties  Data  Center  at  dattelle  Memorial  Institute 
iBMI) . However,  data  on  refractory  metals  are  not  included  in  the  BMl 
bank  at  present. 


ALLOY  TECHNOLOGY 
General  Behavior 

Refractory  metals  and  alloys  are  used  primarily  for  their  strength  at 
tenperatures  above  tnose  where  stainless  steels  or  euperalloys  are 
used  (i.e.,  above  800°C) , or  for  their  excellent  resistance  to 
corrosion  oy  a wide  range  of  chemicals  and  liouid  metals.  Excellent 
resistance  to  attack  by  liquid  or  gaseous  lithium  (Li),  sodium  (Na) , 
and  potassium  (K)  makes  these  materials  prime  candidates  for  heat 
excnangers  and  power  trains  in  nuclear  power  systems.  Each  of  the 
four  refractory  metals — Cb,  Ta,  W,  Mo — and  many  of  their  alloys 
basically  ar<>  resistant  to  attack  and  are  compatiole  with  the 
liquid-metal  coolants  and  working  fluids  or  vapors  in  advanced  nuclear 
space  power  systems.  The  most  important  consideration  with  respect  to 
liquid  or  gaseous-metal  coolant  corrosion  is  the  oxygen  content  of 
both  tne  coolant  and  tne  metal  or  alloy.  Hign  oxygen  content  in 
either  case  accelerates  corrosion.  The  performance  of  a wide  range  of 
materials  is  considered  to  be  adequate,  and  no  need  to  develop  new  or 
improved  materials  has  been  identified.  Detailed  behavior  of  the 
various  materials  has  been  summarized  by  Stang  et  al.  (1966)  and  will 
not  be  discussea  further  in  this  paper.  Performance  data  are  well 
documented,  and  a good  technical  data  base  exists.  It  would  be 
nelpful,  however,  if  an  engineering  data  bank  accessible  for  computer 
searen  and  containing  all  available  data  in  one  plr.ee  would  be 
established. 

The  most  important  mechanical  properties  of  refractory  metals  anc 
allov*«  are  their  strength  at  elevated  tesperatures  and  their  toughness 
and  ctility  at  low  temperatures.  The  range  of  strengths  available 
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in  alloys  that  were  cons idc. red  for  commercial  production  between  1954 
and  1974  for  eacn  of  fie  four  refractory  metal  bases  is  summarized  in 
Figure  2.  Strength  is  expressea  as  the  ratio  of  yield  strength  to 
density  so  that  alloys  can  oe  compa'ed  on  an  equivalent  weight  basis. 
This  1.S  most  important  for  aerospace  applications,  since  weight  is 
often  a controlling  factor  in  materials  selection  and  design.  As 
noted  in  Figure  1,  Ta  and  W alloyc  nave  twice  the  weight  of  Mo  and  Cb 
alloys  and  as  sucn  would  have  to  re  more  than  twice  as  strong  to 
justify  their  use  on  the  basis  of  strength.  The  data  in  Figure  1 show 
that  Ta  alloys  are  not  really  strength  competitive  with  Mo  and  Cb 
alloys  below  about  2800°F.  Their  use  at  lower  temperatures, 
however,  may  be  justified  or  required  on  the  tasis  of  toughness, 
ductility,  and  formaoility  and/or  weldability.  Most  of  the 
high-strength  Mo  and  Cb  alloys  present  problems  in  these  areas.  The 
same  is  true  with  respect  to  tungsten.  Although  its  strength-to- 
density  ratio  is  superior  those  of  other  materials  over  moat  of  the 
temperature  range,  its  low  ductility  and  tougnness  and  limited 
weldability  severely  restrict  its  use  as  a structural  material.  The 
strength  properties  of  each  class  of  alloys  will  be  presented  in  more 
detail  in  tne  following  section. 

Each  of  the  refractory  metals  and  its  alloys  undergoes  a transition 
from  ductile  to  brittle  behavior  with  decreasing  tenperature,  as 
summarized  in  Figure  3.  Alloys  of  Cb  and  Ta  hive  tne  lowest  ductile 
to  brittle  transition  temperature  (DBTT)  , normaixj  well  below  0*^c. 

The  DBTT  for  Mo  and  its  alloys  is  near  room  temperature,  although  it 
can  be  depressed  below  0®C  by  controlled  thermal-mechanical 
processing.  Tungsten  has  the  highest  DBTT  and  presents  the  most 
difficulties  in  use.  Problems  with  respect  to  the  DBTT  will  be 
discussed  in  a following  section.  It  is  important  to  note  that  this 
is  not  a fixed  temperature  but  that  it  can  vary  between  wide  extremes 
for  all  tne  refractory  metals  and  alloys.  The  DBTT  for  any  or  these 
materials  may  be  increased  significantly  by  some  or  all  of  the 
following  variables: 

o increased  strain  rate 
o Interstitial  contamination  (0,  C,  N) 
o Kecrystallization 
o Grain  growth 
o Intergranular  precipitates 
o Increased  alloy  content. 

Letaiied  data  on  oehavior  of  a wide  variety  cf  alloys  are  given  by 
Tietz  and  Wilson  (1965) . 

Another  property  of  particular  importance  in  aerospace  applications 
is  the  modulus  of  elasticity.  Comparative  behavior  of  the  refractory 
metals  is  summarized  in  Figure  4.  Cb  and  its  alloy  have  a low  modulus 
at  all  temperatures  and  generally  have  to  be  used  in  heavier  sections 
wnere  stiffness  or  buckling  is  important.  Tantalum  alloys  are 
stiffer,  but  whe.'t  corrected  for  density,  they  are  con(>arable  to  Co. 
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Mo  and  W alloys  nave  tne  highest  moduli,  and  on  a oensity-con^ensated 
basis,  MO  and  its  alloys  would  be  superior  over  a very  wide  range  of 
temperatures. 

^ detailed  sunimary  of  tne  behavior  of  each  of  these  alloy  systems 
has  been  assembled  in  boo<  form  oy  Tietz  and  Wilson  (i965) . The  book 
presents  comparative  data  on  ail  aspects  of  mechanical  oehavior  as 
well  as  a discussion  of  the  various  and  often  complex  factors  that 
influence  mechanical  behavior  of  refractory  metals  and  their  alloys. 


Cb  anu  Ta  Alloys 

Alloys  or  Cb  and  Ta  have  provided  to  date  the  basis  for  construction 
of  compact  nuclear  space  power  systems.  A summary  cf  comparative 
properties  for  alloys  tnat  have  been  produced  conm\ercially  at  one  t ic 
or  anotner  is  given  in  Figure  5.  'Che  following  two  alloys  have 
provided  the  basis  for  most  cf  tne  space  p^wer  systems  designed  and 
operated  to  date:  Cb-lZr  and  Ta-8W-2Hf  (T-ill) . On  a density- 

coinpensated-y ield-btrongth  basis,  Ta-bW-2Hf  would  be  superior  at  all 
temperatures  from  2000°  to  3500®F.  aSTAR  811-C  (TA-8W-lRe-lrif ) , 
which  nas  been  taken  to  an  advanced  state  of  ievelopment  for  space 
power  use,  nas  similar  properties  but  was  not  included  in  this  summary 
figure  (Figure  5) . This  material  has  improved  creep  properties 
compared  with  T-ill,  as  snown  in  Figure  6.  For  a given  time  and 
temperature  of  exposure,  AiJTAR  811-C  can  operate  at  about  twice  the 
stress  for  1 percent  defor>dation  by  creep  compared  with  T-111.  For 
example,  at  UOCPf,  the  stress  for  1 percent  creep  in  1U,0U0  hours 
averages  i8  KSI  for  T-lli  and  30  KbI  for  ASTAR  811-C  (Figure  6) . The 
strongest  Cb-base  alloys  (Cb-ibW-20Ta-5Mo-2Zt-0.18C,  Cb-132M  ana 
Cb-2iW-lZr,  AS30)  are  comparable  to  T-lll,  as  illustrated  by  the  d’''*a 
in  Figure  7.  On  a density-compensated  oasis  they  would  be  stronge. 
than  T-ill  out  not  as  strong  as  ASTAR  811-C.  The  Cb  alloys,  nowever, 
would  present  more  proolems  in  fabrication  and  welding,  and  they  have 
not  been  fully  characterized  and  guelified  for  use  in  space  power 
systems.  Extensive  testing  and  evaluation  would  be  required. 

The  conmercialiy  availaole  Cb  and  Ta  alloys  such  as  Cb-lZr,  T-lll, 
and  AbXAR  811-C  are  considered  to  be  wholly  adequate  for  a wide  range 
of  nuclear  space  power  applications.  They  have  been  tested  and 
evaluated  in  deptn  and  nave  been  test  in  operational  units.  These 
alloys  would  present  the  least  proolema  and  could  be  brought  to  an 
operational  state  of  readiness  in  the  shortest  time  at  the  least  cost 
compared  with  all  ocner  materials.  Tney  are  ductile,  weldable,  and 
fabricable  anu  nave  ubTTs  well  below  O^C.  In  addition,  they  are 
very  resistant  to  attack  by  liquid  and  gaseous  Li,  Na,  and  K. 


Mo  and  M Alloys 

Molybdenum  and  tungsten  alloys  are  of  particular  i.'iterest  where 
ultrahigh  strength  is  required  (turbines)  or  where  resistance  to 
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nuclear  fuels  is  eaeentir.l  (heat  pipes) . Coapacatlve  properties  of 
the  weskeat  and  strongest  alloys  are  shown  in  Figure  8.  Un  a 
aensity-conpensated-strength  basis,  T2M-Mo  is  superior  to  tungsten  at 
a\l  teiQK  iratures  to  3600<’F.  Only  a W-25Ra  alloy  is  higher  in 
strength  above  250U^F.  TZh-Mo  is  also  stronger  than  the  best  Ta  and 
Cb  alloys  at  teaperaturas  to  2600^F  (Ta)  and  3500^F  (Cb)  on  a 
density-compensated  basis.  Creep  properties  of  TZM-No  are  suoMrisad 
in  Figure  9.  Tuc  alloy  is  comparable  to  T-111,  with  a stress  for  1 
percent  creep  in  10,000  hours  at  ZOOO^y  oecuean  15  and  25  KSI.  Un  a 
density-compensated  basis,  however,  it  would  be  twice  as  strong  as 
T-111  and  comparable  to  AbTAK  611-C.  Above  2600^^?,  TZM-Mo 
recrystallizes,  and  creep  properties  would  not  be  as  good. 

The  major  problem  in  using  either  Mo  or  W and  its  alloys  is  their 
hign  DbTT  and  their  tendency  to  be  brittle  in  the  recrystallized  state 
(Figure  j.0)  . Tnese  materials  are  very  notch  sensitive  and  can  behave 
in  a brittle  manner  if  not  properly  prepared,  designed,  and  used.  In 
addxtion,  altnough  Mo,  w,  and  their  alloys  can  be  joined  by  welding, 
the  weld  joints  may  be  brittle,  hsabrittleinent  of  both  base  materials 
and  welds  will  be  a limiting  factor  in  the  use  of  these  materials  for 
nuclear  space  power  systems  and  represents  a critical  pijblem  area  in 
wnich  more  worK  in  needed.  This  is  discussed  in  more  detail  in  the 
following  section. 

One  approach  to  solving  the  embrittlement  problem  with  Mo  and  W is 
to  alloy  these  metals  with  rnenium  (Re) . As  shown  in  Figure  10,  tne 
addition  of  30-35  Re  to  Mo  or  W leduces  the  UBTT  to  below  room 
temperature.  However,  Re  is  a .ery  scarce  and  expensive  material,  and 
the  industry  at  present  cou''d  prooably  not  support  any  major  use  as  a 
large  alloy  addition.  Devex.«pment  of  an  adequate  Re  supply  could  be  a 
pacing  factor,  depending  on  the  net  total  requirement  for  any  new 
application.  In  addition,  it  should  oe  noted  the  Mo-Re  and  W-Re 
alloys  nave  had  minimal  testing  and  evaluation  and  little  is  known  of 
their  behavior  in  terms  of  long-term  creep,  liquid-metal  corrosion, 
nuclear  fuel  compatibility,  thermal  stability,  and  OBTT  behavior — to 
mention  just  a few  important  properties.  The  properties  and  benavior 
of  these  alloys  have  oeen  summarized  by  Jeffe  and  Sims  (1958)  and 
Lundberg  (1981) . Lundoerg  concludes  that  Mo-10-15  Re  alloys  offer  an 
advantage  over  pu^'^  Mo  in  space  reactor  core  neat  pipes  with  respect 
to  both  DBTT  and  high-temperature  strength.  TZM-Mo,  however,  may  be  a 
more  practical  alternative  provided  that  welding  problems  car  be 
solved  (brittleness) . 

Mo  and  TZM-Mo  have  been  fairly  well  characterized  with  respect  to 
attack  Dy  ''iquid-  and  gaseour -metal  coolants  <Stang  et  al.,  1966),  and 
minimal  addicional  testing  will  be  needed.  The  data  base  on  long-time 
and  low-vacuum  creep,  nowever,  is  very  weak,  and  extensive  testing 
would  be  required  to  develop  essential  design  data  for  the  wide  range 
of  product  forms.  Unlike  Cb  and  Ta  alloys.  Mo  and  TZM-Mo  are 
strengthened  by  cold  work,  and  mechanical  properties  vary  greatly  with 
deformation  structures.  Hach  product  form  has  its  own  unique  set  of 
properties,  dep-  cing  un  the  structure  produced.  Only  fully 
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racrystaiiizea  materials  of  uniform  grain  size  and  shape  will  have 
similar  properties  for  all  product  forms. 

Mo  and  its  alloys  are  not  readily  available  in  tubular  form. 
Altnougn  tubing  ha*  been  produced,  it  is  not  a routine  commercial  mill 
product.  Major  programs  on  manufacture  of  Mo  and  Mo  alloy  tubing  will 
be  needeo  to  support  any  extensive  use  of  this  material  in  space  power 
plants. 


Coatings 

If  refractory  metals  and  alloys  are  heated  in  air,  they  will  oxiaize 
at  rapid  rates,  in  addition  to  hign  rates  of  surface  recession, 
oxygen  and  nitrogen  diffuse  into  the  alloy  that  with  Cb  and  Ta  alloys 
results  in  haraening  and  embrittlement.  None  of  the  commercial  alloys 
developed  during  the  past  30  years  have  any  inherent  resistance  to 
oxidation.  They  must  oe  prote  :ted  oy  surface  coatings  of  more 
oxidation-resistant  materials  during  heating  in  air  or  oxidizing 
atmospneres  at  temperatures  above  about  600°C. 

Four  types  of  surface  coatings  have  oeen  u**  d successfully  to 
protect  these  materials  (National  Materials  Advisory  Bca-:d  (NMAB) , 

19'  .j : (1)  siiicides,  (2)  aluminides,  (3)  noble  metals,  and  (4)  Ni-Cr 

alloys.  The  most  successful  and  widely  used  coatings  _je  tne 
disilicides  of  the  case  metal  to  which  the  coating  is  applied  (i.e., 
MoSi2  on  MO) . NormalJv,  coatings  are  2-5  mm  thick.  Their  useful 
life  in  air  is  summarized  in  Figure  11.  Life  tends  to  be  governed  by 
interdiffusion  between  the  active  coating  elements  and  substrate 
elements  and  hence  is  an  inverse  exponential  function  of  increasing 
temperature.  Thinner  coatings  (1-2  mm)  nave  a useful  life  near  the 
lower  siue  of  the  scatter  band,  while  thicker  coatings  (4-5  mm)  are 
near  the  upper  side  (Figure  11) . As  can  be  seen  from  Figure  11,  life 
expectancy  at  temperatures  above  2200^F  is  less  than  1,000  hours. 
Temperatures  of  less  than  2000*^  F are  necessary  for  a useful  life  in 
excess  of  10,000  hours.  Repeated  heating  and  cooling  (thermal 
cycling)  accelerates  wear-out  of  silicide  coatings. 

Tvfenty  years  of  intensive  research  Las  done  little  to  improve 
performance,  and  the  current  state  of  the  art  probably  is  the  oest 
that  can  be  achieved  without  a major  technical  breakthrough.  Current 
coating  process  technology  is  geared  largely  to  small  components, 
altfiough  fabricated  components  up  to  6 ft  in  diameter  are  being  coated 
routinely.  Coating  process  technology  is  not  adequate  for  larger 
components,  and  major  process  innovations  will  be  needed  if  coatings 
are  required  on  large  nuclear  power  system  components.  Coatings 
generally  are  not  required  for  refractory  metals  heated  in  the  vacuum 
conditions  of  space  but  may  be  needed  for  ground  testing  unless  tests 
can  oe  run  in  large  vacuum  or  inert  atmosphere  chambers. 
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Contamination 

Retractocy  metals  will  react  with  carbon  and  nitrogen  as  well  as 
oxygen  over  a wioe  range  of  low  partial  pressures  or  activities  of 
these  oxidants.  Tnis  can  present  major  problems  when  the  metals  or 
alloys  are  heated  in  contaminated  "inert"  atmospheres  or  moderate 
vacuums  (10~^-10“^  Torr) , Tne  carbide  and  oxide  phases  stable  for 
Cb  and  Mo  neated  at  2150°F  are  shown  as  a function  of  equilibrium 
oxygen  pressure  and  carbon  activity  in  Figure  12.  Cb  will  not  react 
with  either  carbon  or  oxygen  if  log  a^.  is  less  than  or  equal  to  -6.5 
and  log  is  less  than  or  equal  to  -21  atm.  With  equilibrium  carbon 

activities  above  10“®  or  oxygen  pressures  above  10“^^  atm,  Cb  can  react 
to  form  carbides  or  oxides,  depending  on  the  Pq  -a^  levels  in  the  gas 
at  2150°  F.  The  boundaries  for  Mo  are  at  much  higher  levels,  10“^ior 
caroon  and  10~^^  for  oxygen.  Molybdenum  and  its  alloys  will  have 
less  tendency  to  react  in  impure  atmospheres  due  to  a lower  stability 
of  oxide  and  carbide  pnases. 

These  reactions  and  phase  equilibria  are  of  consideraoie  importance 
for  use  of  refractory  metals  in  space  nuclear  power  systems. 
Contamination  levels  at  which  reactions  can  be  expected  can  be 
defined,  and  reaction  Kinetics  can  be  studied  under  controlled 
conditions  that  simulate  real  environments.  For  example.  Figure  13 
illustrates  the  reaction  of  Cb  with  oxygen  and  carbon  to  form  external 
oxide  or  caroide  scales  as  a function  of  equilibrium  oxygen  pressure 
and  carbon  activities  at  3000°F.  Studies  of  such  reactions  snow 
tnat  rates  of  reaction  are  very  low  wnen  CbC  or  Cb02  can  form  as 
external  scales  and  that  protective  coatings  may  be  needed  only  under 
conditions  where  Cb20s  can  form.  Kinetics  of  internal  carburiza- 
tion and  oxidation  also  appear  to  vary  significantly  with  small 
changes  in  gas  equilibra. 

Few  definitive  studies  of  reactions  of  these  alloys  in  atmospheres 
of  low  oxygen  and  nitrogen  pressure  or  carbon  activity  have  been  made, 
and  guidelines  do  not  exist  for  using  the  alloys  in  impure 
atmospheres.  Kinetic  studies  of  internal  contamination  as  a function 
of  exposure  conditions  are  particularly  needed.  Boundary  conditions 
of  time,  temperature,  and  gas  composition  for  use  without  detrimental 
internal  contamination  need  to  be  defined. 

Of  equal  importance  is  tne  fact  that  few  definitWe  studies  of  the 
effect  of  internal  contamination  on  mechanical  behav.'^r  have  been 
made.  Although  it  is  Known  that  contamination  may  emorittle 
refractory  metals,  the  precise  effects  of  specific  contaminants  on 
various  alloys  have  not  been  establisner'  wicr.  any  degree  of 
certainty.  For  example.  Figure  14  shows  the  effect  of  oxygen  and 
nitrogen  contamination  on  the  DBTT  of  welds  in  a high-strength  Co 
alloy  (B-66) . Typical  of  roost  data,  they  illustrate  a relative  effect 
but  do  not  define  property-composition  relations  to  the  extent  chat 
data  can  be  used  to  control  contamination  through  process  or  product 
specifications.  Detailed  studies  of  the  individual  and  combined 
effects  of  C,  O,  and  N at  low  levels  of  concentration  (ppm  range)  on 
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mechanical  behavior  are  needed  for  virtually  all  alloys.  None  of 
these  alloys  will  be  staole  in  even  the  best  vacuum,  and  internal 
contamination  is  bound  to  occur  during  long-time  exposure  at  high 
temperatures. 

The  effectiveness  of  currently  available  coatings  to  protect  from 
internal  contamination  during  exposure  to  vacuum  and  reactor 
atmospheres  has  not  bean  studied.  Coatings  based  on  bi,  Cr,  and  Al 
moat  likely  will  not  be  effective  in  vacuum,  since  the  active  coating 
elements  have  high  vapor  pressures.  It  may  be  necessary  zo  develop 
new  coatings  based  on  noble  metals  or  ceramics  for  effective 
protection  of  refractory  metals  from  internal  conuamination  in  nuclear 
space  power  systems. 


PACING  PROBLbMS 

Tnere  are  a number  of  pacing  problems  that  will  need  to  be  addressed 
early  on  xu  any  progr^un  to  develop  advanced  space  power  systems  based 
on  these  materials.  Several  of  these  have  already  oeen  discussed  and 
are  listed  oelow  as  a summary: 

o Alloy  production;  (1)  nign-temperature  (above  2500<^F) 
extrusion  capability  and  (2)  seamless  tube  manufacture  for 
high-strength  alloys  and  Mo. 

o Testing  and  evaluation;  (1)  ultrahigh-vacuum  creep  test 
facility  and  (2)  liquid-  and  gaseous-metal-corrosion  facility  (test 
loops) . 

o Supporting  tecnnology;  useaole  engineering  data  bank. 

o Alloy  technology;  (1)  ultrahigh-vacuum  creep  data  to  10,000 
hours,  (2)  coating  processes  for  large  structures,  and  (3)  coatings 
to  protect  from  internal  contamination  in  vacuus  or  reactor 
atmospneres. 

There  are  three  other  pacing  problem  areas  in  which  work  should  be 
initiated  as  soon  as  possible  to  support  development  or  reliable  space 
power  systems:  (1)  alloy  embrittlement,  (2)  welu  embrittlement,  and 

(3)  creep  life  prediction.  These  are  discussed  in  cr.e  remaining 
sections  of  this  paper. 


Alloy  Embrittlement 

Most  of  the  technical  problejis  encountered  in  the  use  of  refractory 
metals  are  related  to  one  form  or  another  of  embrittlement  where 
norully  ductile  materials  behave  in  a brittle  unner.  The  previous 
discussions  pointed  out  one  type  of  this  behavior,  in  which  alloys  can 
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be  embrittled  as  a result  of  contamination  by  C,  0,  or  N during  use. 

In  other  cases,  alloys  are  embrittled  by  a change  in  structure 
(recrystallization)  or  by  welding.  All  of  these  phenomena  are 
interrelated  in  that  tney  most  likely  involved  an  interstitial 
contaminant — 0,  C,  or  N. 

Kecrystaliization  and  weld  embrittlement  possibly  are  the  most 
misunderstood  aspects  of  alioy  oehavior,  particularly  for  Mo  and  its 
alloys.  It  is  common  to  hear  Mo  described  as  being  inherently  brittle 
in  the  recrystallized  state  and  nonweldable.  Neither  statement  is 
true:  recrystallized  Mo  can  be  very  ductile,  and  sound,  ductile  welds 
can  be  made  with  molyboenum. 

A recent  paper  by  Kumer  and  Eyre  (1980)  snows  that  brittleness  in 
recrystallizea  nxslyDdenum  is  the  result  of  oxygen  segregation  at  grain 
bounaaries.  Fracture  stress  is  inversely  proportional  to  the 
segregateo  oxygen  level.  Adding  small  amounts  of  carbon  to  Mo  reduces 
the  driving  force  for  oxygen  segregation  and  increases  tne  tolerance 
for  oxygen.  If  tne  grain  boundary  oxygen  level  can  be  reduced  from 
0.47  to  0.11  percent,  fracture  stress  will  increase  to  the  point  at 
which  cracks  propagate  elastically  and  ductile  behavior  results.  This 
worx  shows  that  Mo  is  not  inherently  brittle  and  holds  forth  the 
promise  of  controlling  ductility  through  balanced  c'~>mposition. 

Excess  carbon  in  Mo  also  can  have  an  embrittling  effect,  but  by  a 
different  means.  If  Mo  with  20  ppm  C is  heated  to  2750^F  for 
recrystallization,  all  or  the  carbon  goes  into  solution  and 
precipitates  as  carbides  along  grain  boundaries  during  cooling  (Figure 
15) . This  precipitation  cannot  be  suppressed,  and  carbon  cannot  be 
quenchtd  into  solid  solution.  During  subsequent  working,  internal 
cracKs  are  formed  along  carbide  arrays,  and  the  material  may  be 
brittle.  However,  if  this  material  is  recrystallized  at  2150°F, 
less  tn.in  2 ppm  C is  soluble,  and  carbides  do  not  form  on  the  grain 
boundar.es  during  cooling.  Cracks  are  not  formed  internally  during 
8ubsequ«:nt  working,  and  tne  material  remains  ductile.  The  brittleness 
or  ductility  in  this  case  is  controlled  by  an  in-process  anneal 
betwee.)  extrusion  and  rolling.  The  anneal  must  be  adjusted  to  prevent 
dissolution  of  more  than  a few  ppm  C in  order  to  prevent  internal 
cracking  during  further  working  and  subsequent  brittleness.  This  is 
not  standard  industry  practice  at  present. 

Anotner  example  of  ductility  or  brittleness  in  recrystallized  Mo  is 
gi\’en  in  Figure  16.  Here  a macnined  TZM-Mo  tensile  olank  was  wrapped 
in  Ta-foil  and  recrystallized  in  vacuum  (10~^  Torr)  for  3.5  hours  at 
2550^F.  Elongation  at  room  temperature  was  4 percent,  indicating  a 
DbTT  of  more  than  2(PC.  However,  when  1 mm  of  material  was  removed 
from  the  surface  by  etening,  a similar  saif>le  had  32  percent 
elongation  at  20<%.  Repeated  tests  of  this  type  revealed  that 
recrystallization  embrittlement  was  in  fact  the  result  of  surface 
contamination  with  oxygen  to  a depth  of  0.5-1  am  during  the  vacuum 
anneal.  Heoovai  of  the  contaminated  surface  yielded  a high-ductility 
recrystallized  structure  for  all  sasiples  heated  up  to  and  including 
3000OF.  This  material  is  very  ductile  in  the  recrystallized  state 
with  a DHTT  of  -35°  to  -65°C  in  oending  at  1-in. /min  load  rates. 
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Ttiis  is  not  to  say  that  recrystalllssd  TZM-Mo  will  b«  ductile  at 
cooa  temperature  under  all  conditions  if  the  contaminated  surfaces  are 
removed.  The  DBTT  of  Mo  is  a function  of  structure,  composition,  and 
strain  rate.  Uetailea  studies  of  the  oehavior  of  one  grade  of  TZM-Mo 
indicate  that  for  a particular  coeposition  and  purity,  the  DBTT  is  an 
inverse  linear  function  of  hardness  of  the  alloy  for  any  given 
velocity  of  'Reformation.  At  any  hardness  level,  the  DBTT  increases 
with  increasing  rate  of  bending.  Tnese  relations  are  shown  in  Figure 
17.  The  plots  were  used  to  derive  an  empirical  relation  that  defines 
the  DBTT  in  terms  of  material  hardness  at  room  temperature  (U,  in 
Hockwell  A units)  and  velocity  of  loading  at  the  test  tesperature  (V, 
in  in. /min)  as  follows 

OBif  (T  - OC)  - 5.88V0*ii^9(67.4  - H)  - 94 

Tnis  relation  has  been  found  to  be  valid  for  wrought  or  recrystallized 
TZM-Mo  sheet  or  bar  at  loading  velocities  of  1-10,000  in. /min.  The 
effect  of  variations  in  microstructure  and  grain  size  is  incorporated 
in  this  equation  only  to  the  extent  by  which  these  factors  influence 
hardness  (strengtn)  at  room  temperature. 

Tnis  is  a purely  empirical  relation,  but  one  that  is  very  useful 
for  estimating  the  conditions  under  which  TZM-Mo  will  be  c'  ictile  or 
orictle  by  merely  measuring  the  hardness  in  Bockwell  U units.  (Note 
that  in  all  cases,  1 mm  is  etched  from  all  surfaces  after  vacuum 
anneal  to  remove  contamination  and  the  equation  is  cnly  for 
noncontaminated  material.)  It  is  believed  that  more  detailed  studies 
of  this  type  could  oe  very  useful  in  aeveloping  engineering  guidelines 
for  the  acre  effective  use  of  Mo  and  its  alloys.  While  much  has  been 
done  to  develop  oasic  under  stand  in<)  of  the  embrittlenent  pnenomena, 
little  has  been  done  to  develop  a .'x>und  engineering  basis  for  using 
tne  materials.  Far  more  work  is  needed  to  derive  relations,  empirical 
or  otherwise,  that  effectively  define  the  boundaries  and  limiting 
conditions  for  the  ductile  to  brittle  transition  in  the  materials  that 
will  be  used  for  nuclear  space  potrer  systeoM. 


Weld  Kau>rittlement 

Weld  e— rittieamnt  can  occur  with  all  tne  refractory  metals  and 
alloys.  In  the  case  of  Cb  and  Ta,  embrittlement  is  the  result  of 
contamination  with  C,  U,  U,  or  N curing  welding.  As  shown  in  Figure 
14,  nitrogen  has  a severe  esd>rittiing  effect  on  welds  in  Cb  alloys. 
The  addition  of  300  ppm  N^  raises  the  weld  UBTT  from  -200<^  to 
>5U(>F.  Oxygen  is  shown  to  nave  a comparatively  minor  effect. 

Similar  effects  are  observed  with  tantalum,  and  nitrogen  has  by  far 
the  greatest  hardening  and  embrittling  effact  as  a contaminant. 
Hydrogen  embrittlement  of  Ta  welaa  also  can  be  major  problem. 
Unfortunately,  few  definitive  studies  that  relate  weld  contamination 
to  weld  atmosphere  and  weld  contamination  to  weld  embrittlement  have 
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been  made  for  Uie  najoc  conmerciai  alloys.  Suitable  engineering 
guidelines  to  control  ana  eliminate  this  problem  do  not  exist,  and 
work  should  be  undertaken  for  any  proposed  alloys  of  use  to  define 
precise  relacionsnips. 

Welding  of  t!o  and  TZM-Mo  presents  a unique  problem,  but  of  a 
somewhat  differei:‘t  nature.  Weld  joints  tend  to  be  brittle  under  most 
conditions.  Even  those  made  witn  ductile  Mo-Re  alloys  can  be  brittle 
as  a result  of  recrystallization  in  the  heat-affected  zone  adjacent  to 
the  weld  bead,  uuctilt:  welds  (3-10  percent  elongation  at  129f)  have 
been  made  by  Efi  welding  (Kalns,  1975);  nowever,  this  appears  to  be  an 
exception  ratner  tnan  a rule. 

Recent  studies  by  Wadsworth  et  al.  (1982b)  have  brought  the  problem 
into  perspective  and  indicate  possible  approaches  to  producing 
consistently  ductile  welds.  Low  ductility  of  welds  in  T2M-MO  is  shown 
to  be  a result  of  localized  strain  variation  and  not  the  result  of 
material  embrittlement.  The  difference  in  strength  level  between  the 
weld  bead,  the  heat-affected  zone,  and  the  base  metal  governs  the 
joint  ductility.  Welds  of  fully  recrystallized  sheet  are  ductile, 
since  strength  is  imirorm  across  the  joint  area.  Welds  in  stress- 
relieved  sheet  are  brittle  because  all  of  the  strain  is  localized  in  a 
weak  but  ductile  weld  bead.  If  the  weld  bead  strength  is  increased 
(Mo-Re  alloy  weld) , the  deformation  is  then  localized  in  the  weaker 
recrystallized  heat-affected  zone,  cind  the  joint  again  is  brittle. 

The  approach  to  ductile  welds  requires  a balance  between  weld 
coii^sxtion  ana  wela  joint  design  to  prevent  localized  straining  in 
the  region  of  the  weld  deposit.  For  example,  by  using  a thick  weld 
bead  and  thick  adjoining  heat-affected  zone,  stress  within  the  weld 
could  be  reduced  to  the  point  where  deformation  on  loading  would  be 
balanced  or  equalized  between  the  joint  and  base  metal.  Ductile  welds 
could  be  made  in  tube  joints,  for  ex2unple,  by  upsetting  the  ends  of 
tube  before  joining  to  produce  a thick  weld  joint.  Since  the  strength 
of  recrystallized  TZM  sheet  is  about  60  percent  that  of  stress- 
relieved  TZM  sheet,  the  joint  would  have  to  be  1.67  times  as  thick  as 
the  base  metal  for  uniform  straining  afte..  welding.  Detailed  studies 
of  joint  configuration  and  relative  weld  area  strength  parameters  are 
needea  to  develop  useful  welded  Mo  alloy  structures. 


C.eep  Life  Predictions 

Design  for  creep  requires  accurate  data  on  the  tiiae  required  to  reach 
a given  level  of  creep  strain  under  specific  conditions  of  load  and 
temperature.  Often  the  load  and  temperature  are  variable,  and 
additive  creep  effects  must  be  considered.  Under  ideal  conditions, 
creep  behavior  is  such  that  a long  period  of  steady  state  creep 
occurs,  as  shown  in  Figure  18  for  ASTAR  811-C.  The  slope  of  the 
steady  state  portion  of  the  creep-deformation-time  curve  is  the  creep 
rate  ( 6 ) and  can  be  used  with  various  analytical  expressions  to 
describe  an  envelope  of  creep  behavior  in  terms  of  stress  and 
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tenpecature.  A cunoniy  used  expression  for  Class  I solid  solutions 
CO  wnich  moat  retractory  netals  oelong  is  as  tollows: 


6 - A ( a/E)n  exp  (-Q/RT) 


where  i is  the  steady  state  (minimua)  creep  rate,  K is  the  average 
dynastic  Youngs  modulus,  (7  is  tne  stress,  n is  a stress  exponent 
(usually  n > 3 for  Class  I solid  solutions) , and  T is  the  absolute 
temperature.  Suen  expressions  can  be  used  to  calculate  creep  over  a 
wide  range  of  conaitions,  althougn  the  data  cannot  be  extrapolated 
safely  oeyond  the  longest  times  used  in  deriving  the  ate  equations. 
That  is,  rate  equations  uerived  from  1,000  hours  of  data  should  not  be 
used  to  calculate  10,000-nour  creep  deformation. 

Unfortunately,  curves  of  the  type  shown  in  Figure  18  are  the 
exception  and  not  the  rule  for  refractory  metals.  More  typical  or 
representative  creep  curves  for  T-lll  alloy  are  shown  in  Figure  19. 
Tnere  is  no  steady  region  of  creep,  and  the  creep  rate  } increases 
continuously  with  time.  Titran  (1974,  found  that  some  creep  curves  of 
this  type  could  be  linearized  by  plotting  6 versus  t^/^.  The 
steady  state  creep  rate,  6,  for  such  a material  would  be  in  hours  **^/^ 
instead  of  hours 

A reanalysis  of  available  long-term  creep  data  on  this  basis  nas 
not  been  done,  and  it  is  not  known  how  universal  the  relation  may  be. 

It  more  likely  will  be  found  that  each  creep  curve  will  fit  a slightly 
different  exponential  time  case,  and  the  current  approach  is  to  use 
computer  plotting  to  linearize  da*’a.  By  feeding  raw  creep  data  along 
with  modulus  and  diffusivity  data  into  a properly  programmed  computer, 
creep  relations  for  use  as  predictive  engineering  data  can  oe 
derived.  It  would  be  very  nelpfui  if  an  appropriate  program  could  oe 
devised  and  data  generated  during  the  last  30  years  be  reanalyzed,  to 
develop  a reliable  engineering  creep  data  base  with  broad  predictive 
capability.  Mlithout  such  a base,  engineers  will  nave  only  rough  data 
plots  of  the  Larson-Miller  type  (Figures  6,  7,  9) , which  are  of 
limited  utility. 

Primary  consideration  should  be  given  to  establishing  a 
computerized  analytical  approach  for  creep  data  correlations  on 
refractory  metal  alloys.  An  added  benefit  of  such  an  approach  is  the 
ability  to  factoi  statistical  variations  in  creep  into  the  program  in 
order  to  establish  reliaolc  design  guidelines.  All  creep  data  exhibit 
a large  amount  of  scatter  that  can  be  as  much  as  1-2  orders  of 
magnitude  in  time  for  a given  amunt  of  creep  strain.  Typical  scatter 
for  a cobalt-baoe  alloy  (US  188;  fa  shown  in  Figure  20.  A Weibull 
plot  of  0.2  percent  creep  life  data  for  this  alloy  indicates  that  the 
scatter  is  random  in  nature  (B  ■ 1)  and  covers  over  2 orders  of 
magnitude  (Figure  21) . Creep  data  for  refractory  metals  indicate  a 
similar  behavior,  and  a statistically  sound  data  base  must  be  obtained 


302 


for  cttlidbie  design.  Wiui  a 10,000-tiour  Ilfs  rsqulrensnt,  test  costs 
would  be  prohibitive  unless  a computerised  test  assign  and  analysis 
approach  wnere  employed. 
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TEMPERATURE-F 


FIGURE  2 Range  of  yield  strength  (density  coapensated)  for  refractory 
uetal  alloys  froa  2000®  to  3200°F. 
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FIGURE  3 Ductile  to  brittle  transition  temperatures  for  reJractory 
metals  (Tietz  and  Wilson,  1965) . 
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FIGURE  4 Modulus  versus  temperature  for  refractory  metals  (Tietz  and 
Wilson,  1965)  . 
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FIGURE  5 Density-compensated  yield  strength  versus  temperature  for 
commercial  Cb-  and  Ta-base  alloys  (Tietz  and  Wilson,  1965) . 


FIGURE  6 Larson-Miller  plot  of  ultrahigh  vacuum  creep  data  for 
Cb-base  alloys  (Sheffler  et  al.,  1970). 
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TEMPERATURE-°F 


FIGURE  o Density-compensated  yield  strength  versus  temperature  for 
Mo-  and  W-base  alloys  (Mo:  Tietz  and  Wilson,  1965;  W:  Lessman  and 
Gold,  1970)  . 
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FIGURE  10  Ductile  to  brittle  transition  for  Mo  and  W alloys  (Jaffee 
and  Sims,  1958) . 
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FIGURE  13  Reaction  of  Cb  with  low  Pq^,  low  atmospheres,  30  min  at 
3000Op  (Perkins  and  Packer,  1981) . 
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FIGURE  14  Effect  of  contamination  on  the  DBTT  of  B-66  alloy  weld  metal  (Thoi^eon  et  al.,  1966). 
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FIGURE  15  Solubility  of  C in  Mo  and  precipitation  of  carbides  during  cooling. 
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FIGURE  18  Creep  curves  for  ASTAR  811-C  in  ultrahigh  'vacuum  CSheffler  and  Ebert,  1973) . 
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FIGURE  19  Creep  curves  for  T-111  in  lithium  and  ultrahigh  vacuum  (Sheffler  and  Ebert,  1973) . 
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ABSTRACT 

Uigh-teiaperature  nuclear  tuels  are  reviewed  in  detail,  including  prior 
history  ul  use,  fundamentals  of  performance,  and  characteristics  of 
rpecific  fuel  types,  it  is  shown  tnat  wnile  UU2  is  oy  far  the  must 
widely  used  fuel,  UC  and  UN  offer  significant  improvements  in  thermal 
conductivity  and  in  fuel  density.  However,  tnese  improvements  are 
attainahle  only  at  the  cost  of  signir leant  additional  development. 
Coated-particle  fuels  potentially  offer  the  best  nign-teraperature 
performance  and  offer  wide  flexibility  in  the  selection  of  materials 
for  compatibility  with  various  coolants  and  core  structural 
materials.  Many  factors  suen  as  thermal  properties,  radiation 
performance,  chemical  compatibility,  fuel  density,  and  development 
status  must  be  considered  in  tne  selection  of  fuel  for  an  advanced 
nuclear  system.  Tne  selection  for  a particular  application  will 
involve  a tradeoff  of  systems  requirements  and  fuel  characteristics. 


INTRODUCTION  AND  BACKGROUND 

In  nuclear  systems  a wide  variety  or  fuels  nas  been  used,  including 
the  metallic  form,  nyorides,  oxides,  carbides,  nitrides,  and  cermet 
forms  of  uranium  ana  plutonium.  Tne  cnoice  of  fuel  for  a particular 
system  depends  on  a variety  of  •'actors,  of  which  temperature 
capability  is  only  one.  owners  it.Ci.uoe  chemical  compatibility  with 
cladding  coolant,  and  otner  core  materials;  thermal  stability;  and 
radiation  effects  suen  as  swelling  and  creep.  While  the  term 
"nign-temperature  fuel*  is  not  well  oefi.ned,  it  is  generally  taken  to 
include  all  of  tne  uranium  tuels  except  the  metal  and  the  nyoride.  In 
general,  tne  plutonium-based  fuels  nave  lower  melting  temperatures  ano 
are  less  suitable  for  nigh-temperature  applications  tnan  uranium  fuels. 

The  term  *nigh-teroerature  fuel*  is  somewnat  misleading,  since  in 
all  systems  involv.'ng  solid  fuel  the  important  temperature  is  that  of 
tne  coolant  exiting  the  core.  There  are  may  cases  in  wnich  the  peax 
fuel  temperature  in  one  system  My  be  nigher  tnan  that  in  anotner 
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■yat«B,  but  th«  outlet  coolant  toapacatuca  is  loaac.  A good  axaa^la 
of  this  is  tna  cosMaccial  Light  Water  Reactor  (LWR)  versus  the 
Hi<jn-TSHperature»  (ias-Oooled  Reactor  (RTGR) . The  high  outlet 
tesiperature  and  consequent  nigh  efficiency  of  the  U1MR  does  not  cosm 
froe  a high  peak  fuel  teeperatura  out  cc:«s  froe  the  high  surface 
teaperatures  allowed  by  the  fuel  particle  coatings  and  inert  coolant. 
Thus  toe  fuel  cannot  oe  considered  in  isolation  froa  the  reaainder  of 
the  systaa.  Soae  of  tne  fuels  that  have  been  proposed  for  space 
nuclear  applications  are  shown  in  Table  1. 


FUNDAMENTALS  OF  NUCLEAR  FUEL  BEHAVIOR 

A general  understanding  cf  the  fundaaentals  of  nuclear  fuel  oehavior 
is  essential  to  a discussion  of  fuel  selection  for  advanced  nuclear 
systeas.  A nuaber  of  aspects  of  the  perforaance  of  nuclear  fuel  that 
are  generic#  in  that  they  apply  to  all  fuel  types  under  the 
appropriate  conditions,  are  discussed  in  this  section.  This  includes 
primarily  irradiation  ano  tneraal  effects  such  as  fuel  restructuring, 
swelling,  ano  fission  gas  release.  Much  of  the  discussion  in  tuis 
section  is  derived  from  the  excellent  text  by  Oiander  (1976) . 

Restructuring  in  a nighly  rated  mixed-oxide  fuel  pin  is  illustrated 
in  Figure  la  (O'Boyle  et  al. , 1969).  It  has  resulted  in  the  formation 
of  three  distinct  zones  in  the  fuel  plus  a central  void.  The  central 
void  is  created  oy  the  migration  of  tne  porosicy  in  the  initial  fuel 
material  to  tne  center  of  tne  fuel  pin  under  the  influence  of  the 
temperature  gradient.  The  inner  fuel  .'egion  is  characterized  by  dense 
columnar  grains  formed  by  the  thermal-gradient-dr iven  migration  of 
lenticular  pores.  The  mechanism  for  lenticular  pore  migration  is 
vaporization  ano  condensation  of  tne  U02>  Consequently,  columnar 
grain  growth  can  only  occur  at  relatively  high  temperatures  (higher 
than  1700^0 , at  which  the  vapor  pressure  of  UU2  fs  appreciable. 
Outside  of  tne  columnar  grain  region  is  found  a ring  of  large  equiaxed 
grains,  in  this  region,  conventional  diff usion-controlleu  grain 
growth  occurs.  This  equiaxed  grain  region  is  important  in  that 
diffusion-controlled  processes  such  as  fission  gas  swelling  and  creep 
can  readily  occur.  In  the  outer  ring,  fuel  tei^>eratures  are  too  low 
for  restructuring  to  occur,  and  there  is  no  change  from  the 
as-fabricated  microstructure.  The  various  fuel  zones  and  their 
temperatures  of  formation  are  illustrated  scnemati.aliy  in  Figure  lb 
(Oiander,  1976) . 

Approximately  25  percent  of  tne  products  of  uranium  fission  are  tne 
inert  gases  krypton  and  xenon.  These  gases  are  essentially  con^letely 
insoluble  in  the  fuel  matrix,  so  they  are  either  released  and 
contribute  to  the  atmosphere  surrounding  the  fuel,  or  they  precipitate 
as  bubbles  within  the  fuel.  Fission  gas  bubbles  in  nuclear  fuel 
oenave  in  an  analogous  manner  to  the  more  familiar  soap  bubbles.  The 
pressure  of  gas  in  tne  bubble  (P)  is  balanced  by  tne  surface  tension 
(5)  plus  the  hydrostatic  component  of  externally  applied  stress  (a) , 
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TABL£  1 rtatcriAls  Choices  for  Selected  Space  Nuclear  Programs 


System 

Fuel 

Cladding 

Coolant 

SkiAP  series 

U-ZrU 

Stainless  steel 

NaK,  Li 

Rover/NKRVA 

UC2 

Pyrolytic  carbon 

«2 

SPUK/ShAP-SO 

UN 

Nb-1%  Zr 

Li 

In-core  thermionic 

UC-ZrC,U02 

N 

Nd 

Brayton  (Garrett-n(a<) 

UO2 

Haste lioy  X 

He 

Brayton  (GS) 

UO2-N 

Refractory  metals 

He 

aP-lUO 

UO2 

Mo-Re 

Heat  pipes 

Rotating  bed 

UC2,UC-ZrC 

Pyrolytic  carbon 

He 

Fixed  bed 

UC2 

Pyrolytic  carbon 

He 

SuURCt : Layton  et  al.  (1982). 


so  that  an  equilibrium  size  (r)  is  established  according  to  the 
classical  expression  P ■ (2  6/r)  0 . Tnis  is  illustrated  Figure 

2.  An  addition  of  fission  gas  to  cne  bubble  or  a change  in  che 
applied  stress  will  cause  the  bubble  to  grow  or  snrinx  by  the  addition 
or  loss  of  vacancies  in  oroer  to  maintain  equilibrium. 

since  tne  gas  in  che  bubbles  occupies  a muen  larger  volume  than  the 
equivalent  amount  of  gas  dispersed  as  indiviaual  atoms  in  the  matrix, 
the  precipitation  of  fission  gas  into  bubbles  results  in  a volume 
increase,  or  swelling  of  tne  fuel.  Buboles  can  migrate,  grow,  ana 
coalesce  both  by  diffusional  processes  and  by  interaction  with  fission 
tracKs.  Large  bubbles  can  also  grow  by  plastic  deformation 
processes,  it  is  clear  from  the  bubble  equation  that  as  a buoble 
grows.  Its  internal  pressure  diminishes.  Consequently,  bubble  growth 
results  in  an  increase  in  swelling.  Fortunately  for  many 
applications,  oubble  growtn  and  swelling  do  not  continue 
indefinitely,  large  bubbles  tend  to  form  at  the  grain  bounaaries, 
wnere  they  can  link  up  and  release  their  gas  to  the  surrounding 
environment.  Thus  tne  phenosmna  of  swelling  and  fission  gas  release 
are  inextricably  iterreiated. 

A coeiparison  of  swelling  rates  of  oxide,  carbide,  anu  nitride  fuels 
IS  given  in  Figure  J (Bauer,  1972) . All  of  the  fuel  types  follow  the 
sasM  trenas,  as  would  be  expected.  These  swelling  aata  snould  be  used 
with  caution,  since  they  are  valid  only  over  a limited  range  of  volume 
Change  ara  in  some  cases  were  obtainea  rrom  measurements  on  clauding 
rather  than  fuel. 

In  a practical  sense,  swelling,  fission  gas  release,  and  cuiuuinar 
grain  growth  can  result  in  substantial  shape  changes  and 
reoistr ibution  of  the  fuel,  as  illustrated  scnesMticaily  in  Figure  4 
(Olanaer,  1976).  In  stage  2 of  this  illustration,  the  fuel  'iaells 
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uniforoly  owiny  to  th«  mttmct  of  fission  gss  bubbiss.  Undsr 
conditions  in  wbicn  columnar  grain  growtn  occurs,  as  in  stags  3,  tns 
fission  gases  will  be  swept  up  and  released,  leaving  reoensified  but 
displaced  fuel,  as  snown  in  stage  4.  Tne  process  can  then  repeat 
itself.  This  type  of  process  can  lead  to  substantial  creep 
deforsatiuns  of  tne  surrounding  ciad  or  core  structure  ^a^  are 
difficult  to  predict  or  treat  in  design.  While  these  processes  are 
generally  relateu  to  conventional  aetal-claa  fuel  pins,  tney  can  aiao 
occur  in  less  conventional  structures  such  as  the  SP-100  plate  fuel  if 
the  temperatures  ahU  temperature  gradiehts  are  sufficiently  nigh. 
Fortunately,  in  the  curreht  SP-100  design,  the  conditions  oo  not 
appear  to  be  sufficiently  severe  to  result  in  significant  fuel 
redistribution  by  this  mechanism.  Uowever,  the  possibility  should  be 
consiaerea  in  advanced  designs  and  unoer  faulted  conditions. 


UIGU-TSMPERATURE  NUCLSAR  FUELS 

This  review  will  be  limited  to  solid  fuels  ano  thus  will  exclude 
liquid,  gaseous,  and  piasma  fuels  even  though  these  have  been  propsed 
for  some  nigh-temperature  systems.  The  categories  of  £ jeis  to  oe 
considered  include  oxides  and  cermets,  carbides,  and  nicrioes.  Since 
coated  particles  represent  a radically  dirrerenc  fuel  concept,  they 
will  be  considered  in  a separate  section. 


Oxide  ami  Cermet  Fuels 

UO2  is  oy  far  the  most  widely  used,  tne  ox^st  studied,  anu  the  best 
understood  of  the  nign-tomperature  nuclear  fuels.  It  is  the  scandard 
fuel  for  tne  LWR,  Advanced  Gas-Coolec  Reactor  (AGR) , and  Fast  dreeder 
Reactor  (FBR) , as  well  as  the  Space  Power  Reactor  (SP-iOO)  under 
development  at  Los  Alamos  National  Laboratory  (LANL) . It  is  generally 
isolated  from  tne  reactor  coolant  by  a stainless  steel  or  zircalloy 
cladding.  However,  in  the  case  of  SP-lOU,  it  is  used  as  unclad  wafers 
separated  oy  thin  Mo-Re  spacers. 

Tne  high  melting  temperature,  compatibility  with  metallic  cladding 
materials,  irradiation  stability,  ano  ease  of  fabrication  of  UU2 
have  made  it  the  front-runner  among  the  high-teo^erature  fuels.  The 
primary  disadvantages  of  UO2  relative  to  other  high-teinperature 
fuels  are  its  low  thermal  conductivity  and  relatively  low  uranium 
density.  (See  Table  2) . The  thermal  conductivity  of  UO2  is  lower 
by  a factor  of  7-10,  and  the  urahium  density  is  lower  by  as  much  as  30 
percent  than  those  of  the  other  high-cemperature  fuels. 

Control  of  stoicniometry  is  a liey  factor  in  the  use  of  UO2  fuel. 
This  is  illustrated  ih  the  uranium-oxygen  phase  diagram  in  Figure  5 
(Latta  and  Fryxell,  1970) . Substoicniometr ic  UO2  can  contain 
low-melting  uranium  metal  tnat  is  unacceptable  both  from  the 
standpoint  of  chemical  compatibility  and  from  the  standpoint  of 
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TABLK  2 S«i«ctttd  Prop*cti««  of  Higli-Tvflpocatur*  Nucioar  Puala 


Fuel 

T^'pe 

Halting 

Temperature 

Therswl 
Conductivity 
W/cm-K  (to  1U00<>C) 

Uranium 

Density 

(g/cm^) 

UO2 

2865 

0.03 

9.5 

UC 

2325 

0.2 

x3 

UC2 

2480 

0.35 

11.7 

UN 

— 28UU  (at  2.5  atm) 

0.2 

13.5 

irradiation  perforasnce.  The  cheBicai  potential  of  oxygen  increaaas 
snarpiy  as  tne  UO^  oecuaies  nyperstoichioaetr  ic.  This  can  cause 
cneaicai  cuapatihiiity  proDleas  witn  surrounding  aateriais  that  are 
sensitive  to  oxygen  contamination.  Consequently,  close  control  of 
stoichiometry  is  essential  to  acceptable  irradiation  benavior. 
however,  since  fission  prouucts  consume  less  oxygen  as  oxiaes  tn«n  is 
liberated  during  burnup  of  UO2,  oxide  fuel  oecoaes  graouaily  more 
nyperstoicniometr 1C  as  burnup  proceeds. 

Because  of  tne  low  tnermal  conductivity  of  UO^,  temperatures  and 
temperature  gradients  in  most  fuel  designs  tend  to  be  hign. 
Consequently,  restructuring,  swelling,  and  fission  gas  release  figure 
prominently  in  tne  design  of  oxide  fuels. 

Fuel  swelling  is  of  particular  concern  in  tne  design  of  tne  BP-100 
reactor  because  of  the  potential  for  dusensional  changes  to  disrupt 
the  integrity  of  the  neat  pipes  that  cool  the  core.  While  tne  LANL 
staff  had  adopted  smiling  design  curves  based  on  available  data 
(Buoen  ana  Stocky,  i''82),  others  felt  that  the  uncertainties  were  such 
that  the  swelling  could  be  much  larger.  To  resolve  this  issue,  the 
Department  of  Lnergy  convened  a panel  of  independent  experts.  On  the 
basis  of  a detailed  review  of  tne  known  data  plus  some  significant  new 
data  uix:overed  oy  the  SP-iOO  Fuel  Panel,  it  was  co.^ciudea  that  tne 
design  curves  for  UO2  swelling  adopted  oy  LANL  (Figure  6)  were 
adequately  conservative.  It  was  also  concluded  that  coiusuiar  grain 
growth  would  not  begin  below  i70U%,  so  that  unaer  the  design 
conditions  for  SP-IQO  the  vast  majority  of  the  fuel  in  tne  core  would 
not  undergo  restructuring.  However,  the  design  of  tne  BP-lOU,  with 
unclad  fuel  plates,  is  particularly  susceptible  to  swelling.  The 
relatively  large  uncertainty  in  the  swelling  data  does  lead  to 
difficulty  in  design,  for  instance,  in  ho>-  to  provide  for  axial  fuel 
expansion. 

Borne  recent  French  (Commissariat  a I'Bnergie  Atomique  (CKA) j data 
on  swelling  of  UO2  microspneres  (Kauffmanr.  et  al. , i960)  suggest  a 
way  to  minimize  swelling  that  could  significantly  simplify  the  design 
of  a reactor  suen  as  SP-100.  Figure  7 snows  tne  CEa  swelling  data  at 
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IbUOPc  as  a function  of  initial  density.  Mhiie  the  hiyh-censity 
nateciai  folioss  a fairly  .loriaal  swelling  curve,  the  low  initial 
density  material  (92-95  percent/  swells  only  a few  percent  and  then 
saturates  or  even  redensifies  somewnat.  Although  the  work  done  to 
date  is  sosiewhat  sketcny,  the  key  to  this  behavior  appears  to  be  the 
production  of  a cont’’oixed  uniform  fine  porosity.  With  further 
development,  tnis  type  of  fuel  couid  be  very  attractive  for  the  SP-100. 

Oxide  fuel  nas  also  been  proposed  for  use  in  tne  cermet  form, 
consisting  or  UO^  witn  additions  of  2U-«0  percent  of  the  refractory 
metals  tungsten  or  molybdenum.  The  principal  advantage  of  cermet  fuel 
is  its  greatly  improveo  thermal  conductivity  relative  to  tne  oxide,  as 
shown  in  Figure  ti  (dudsn  et  al. , 1979) . It  may  also  exhibit  improved 
swelling  behavior,  but  this  is  not  confirmed.  Tne  principal 
disadvantage  '^f  cermet  fuel  is  the  reduced  fuel  density  tnat  leads  to 
incrcaseo  core  sizes  and  weights. 

Caroidc  Fuels 

At  least  tnree  types  of  uranium  caroide  fuels  nave  been  useo  in 
nuclear  systems:  tne  monocarbide  UC,  tne  dicarbide  UC2,  and  mixed 

carbide  UC-ZrC.  Mixed  thorium-uranium  cat bide  has  been  used  in  UTGKs 
such  aH  the  Fort  St.  Vrain  Reactor,  dach  of  these  has  its  own  unique 
characteristics. 

Uranium  monocarbioe  nas  a uranium  density  nearly  30  percent  nigner 
than  tnat  of  UO^  (Taoie  2)  ana  a tnermal  conductivity  nearly  an 
order  of  magnitude  higner  (Figure  8) . A major  limitation  in  the  use 
of  carbide  fuels  in  nign-temperature  applications  is  chemical 
compatibility  witn  refractory  metals  that  might  be  used  as  cladding  or 
core  structural  materials.  It  can  be  seen  from  the  free-energy  curves 
in  Figure  9 tnat  n lObium  and  tantalum  'Jill  tend  to  reduce  UC  to  the 
metal  wnile  forming  refractory  metal  carbioes.  While  molybdenum  and 
tungsten  are  stable  in  contact  with  UC  up  to  2000  K or  higher.  Mo  will 
react  with  any  excess  caroon  to  form  a Mo^C  layer  at  the  interface 
(Coen  et  al. , 1969) . 

Uranium  dicarbide  was  tne  reference  fuel  for  the  U£RVA  ana  Rover 
projects  and  is  now  tne  reference  fuel  for  tne  rotating-bed  and 
fixed-bed  reactors.  Tne  Fort  St.  Vraia  dTGR,  now  operating  on  the 
grid  of  Public  Service  Company  of  Colorado,  is  fueled  witn 
(Th,U)C2.  All  Of  tnese  systems  have  in  common  tne  use  of  pyrolytic 
carbon  coatings.  As  can  be  seen  from  the  phese  diagram  in  Figure  10, 
the  dicaroide  phase  is  the  equiliorium  pnasc  in  contact  with  carbon  at 
high  temperatures.  At  low  temperatures,  U2C3  is  the  equilibrium 
phase.  However,  in  practice,  the  UC^  is  nearly  always  stabilized  by 
trace  la^iurities  and  persists  at  all  temperatures.  As  long  as  UC^ 
is  used  in  the  form  of  coated  particles  with  pyrolytic  carbon 
coatings,  ic  is  an  excellent  candidate  for  nigh- temperature  systemw. 
Coated  particles  will  be  discussed  in  more  detail  in  a subsequent 
section. 
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The  mixed-carbide  fuel  90%  UC-iO%  ZrC  was  under  deveic^aenC  in  the 
in-core  thermionic  program  at  General  Atomic  Company  (Yang  et  ai. , 

1972)  . To  improve  the  dimensional  stabii.ity  and  the  thermionic 
performance  of  carbide-fueled  emitters  during  in-pile  operation,  it 
was  necessary  to  exercise  rigid  control  of  tne  structures, 
compositions,  ano  stoicniouetr les  of  the  carbide  fuel  material.  To 
facilitate  fission  gas  release  in  order  to  reduce  fuel  swelling,  the 
carbide  fuel  boaies  had  low  densities  (75-79  percent  tneoretical 
value)  and  contained  a large  amount  of  open  porosity.  To  prevent  the 
dissolution  of  the  tungsten  cladding  at  the  operating  temperature  of 
the  emitter,  about  4 wt%  of  tungsten  was  added  to  the  carbide  fuel 
material.  The  C/'J  atom  ratio  was  set  between  1.03  and  1.05  in  oraer 
to  reduce  tne  diffusion  rate  of  uranium  through  the  tungsten  cladding 
and  to  minimize  the  carourization  of  tne  tungsten  cladding.  Such 
carbide  fuel  material  consisted  of  a uranium-zirconium  carbide 
matrixcontaining  a few  weigtit  percent  of  dissolved  tungsten  and 
dispersions  of  U-WC^  pnase.  Tne  fuel  bodies  usually  containea  a 
central  nole  of  about  10  percent  of  tne  fuel  cavity  volume  in  order  to 
accommodate  fuel  swelling.  Irradiation  testing  showed  that  this 
structure  was  effective  in  reducing  swelling  below  that  of  oxide  fuels. 


Nitride  Fuels 

Uranium  nitride  is  tne  least  studied  and  the  least  understood  of  the 
potential  nign-temperature  fuels.  However,  nitride  fuels  have  been 
considered  both  as  a fuel  for  space  power  reactors  and  as  an  advanced 
fast  breeder  reactor  fuel  (dauer,  1972) . A good  compilation  of  the 
state  of  the  art  in  FBR  fuel  is  given  in  the  Proceedings  of  the 
International  Conference  on  Fast  breeder  Keactor  Fuel  Performance 
(Craig,  1979).  Uranium  nitride  has  the  nig.hest  uranium  density  and 
the  highest  thermal  conductivity  of  any  of  tne  unalloyed 
high-temperature  fuels  (Table  2) . It  also  appears  to  have  the  lowest 
irradiation-induced  swelling  rate,  as  was  already  shown  in  Figure  3. 

Uranium  mononitride  nas  good  coropatioility  with  most  of  the 
potential  cladding  materials,  such  as  laoxybuenum,  niobium,  tantalum, 
vanadium,  chromium,  and  iron.  However,  it  will  tend  to  react  with  the 
more  reactive  metals,  such  an  zirconium,  titanium,  ana  aluminum.  It 
is  also  compatible  with  liquid  alkali  meca.ls. 

A key  concern  wich  uranium  nitride  fuel  is  its  nigh  vapor  pressure 
at  hign  temperature,  as  illustrated  in  Figure  ii  (Buden  et  al., 

1979)  . The  vapor  pressure  reaches  1 atm  at  aboi.t  220(j  K.  Tnis  is  a 
particular  concern  for  the  SP-100,  wnere  the  fuel  xs  unclad  and 
operates  in  a vaci'.um.  Practical  application  of  nitride  fuels  at  nigh 
tenperatures  will  require  a nitrogen  overpressure  and  some  form 
claading . 
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COATED-PAitTICLii  FUc.LS 

CoALed-parcicie  fueis  nave  oeen  daveiuped  Ducn  tot  the  ui:.RVA  anu  Hover 
prograas  and  for  Clie  coBwercxai  UTUK  proyranii  in  the  Unxteu  Statee  and 
Europe.  Tne  aaveiopnent  history  of  coated-particie  fuels  nas  oeen 
suanarized  by  Scott  (1975)  « Sinnaci  (i975) , and  Taub  (i975) . Tne 
status  of  coated-part icle  tecnnclo^y  as  of  1977  is  covered  in  detail 
in  a special  issue  of  Nuclear  lecnnoloqy  (Uiioen  and  Nickel,  i977a) . 

A typical  coated  particle  (Guioen  ana  Nickel,  l977b)  is  or  cne 
order  of  i an  in  diareter  and  consists  of  o central,  fissile  or 
fertile  ceramic  kernel  surrounded  by  two  or  luore  coating  layers,  a 
coiL.uercial  nuclear  reactor  will  contain  lO'^^-lU'^'^  coateu 
particles.  Coua  n to  all  current  coated-particie  assigns  (out  not  to 
tne  NKHVA  fuel)  is  tne  use  of  a porous,  inner  pyrolytic  caroon  bufrer 
layer  aesigned  to  accoanodate  kernel  swelling,  absorb  fission  recoils, 
and  proviae  voiu  volume  for  tne  accumulation  of  gaseous  fission 
prooucts.  Tne  outer  coating  layers  serve  as  fission  prouuct  barrier 
and  pressure  vessel,  anu  generally  consist  of  dense,  isotropic 
pyrolytic  carbon  (Kaar  et  al. , 1977)  sometimes  used  in  combination 
witn  chemically  vapor-aeposited  silicon  carbiae  (Price,  1977).  Ttie 
silicon  carbiae  layer  acts  as  a oairier  to  the  release  of  metallic 
fission  products  and  provides  mechanical  redundancy  to  the  coatings. 
Zirconium  carbide  is  an  alternative  barrier  coating  tnat  has  even 
better  nigh-temperature  performance.  Tne  various  coating  layers  can 
oe  seen  in  tne  scnematic  and  in  tne  scanning  electron  microscope  (Sl>i) 
micrograph  of  a aeliberately  cracked  particle  in  Figures  IZa  and  i/o. 

A wide  choice  of  fissile  kernel  composition  is  possible  in 
coated-particie  fuels.  The  NcU<VA  fuel  was  UC^,  wnich  is  coc.c.atibie 
witn  the  carbon  coatings.  Commercial  ana  experimental  UTGKs  have  used 
botn  oxide  and  raroiae  fuels.  A considerable  amount  of  development 
worx  has  been  performed  on  a two-phase,  oxycarbide  fuel  that  combines 
some  of  the  advantages  of  both  oxides  and  carbides  (homan  et  ax., 

1977) . 

For  space  power  or  otner  hign-performance  nuciear  systems,  some 
modification  of  current  coa  tea-par  tide  technology  may  be  desirable. 
Two  key  factors  are  materials  compatibility  ana  fuel  loading.  In  a 
system  sucn  as  tne  EP-lUO,  pyrolytic  carbon  outer  coatings  are  not 
acceptable,  because  of  the  potential  tor  cart>>jc ization  ana 
embrittlement  of  tne  Mo-Ke  alloy  heat  pipes.  Coatings  of  zirconium 
carbiae  iHollaf^ugn  et  al.  , 1977)  , tungsten,  r»c  some  otner  refactory 
metal  would  be  more  corpatible.  In  a more  advancea  nuclear  system 
with  a carcxin  or  grapnite  core  structure,  more  conventional  coateu 
particles  with  pyrolytic  carbon  coatings  could  be  used  to  aavantage, 
probably  allowing  higher  temperature  operation. 

The  other  xey  factor  in  the  use  of  coatod-particle  fuels  in 
advanced  nuclear  systems  is  fuel  loaaing.  Fuel  loadings  are  maximixeu 
both  by  minimizing  coating  tnicxness  ana  by  minimizing  the 
interstitial  void  space  in  the  bed  of  fuel  particles.  In  general, 
fuel  burnups  in  space  power  systems  are  low  in  relation  to  those  in 
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coHMcciai  reactors.  Conaaqu^intiy , coatiii^  tiiicKnessea  can  Dc  greatly 
reduced. 

The  randoB  pacKing  ot  spnerea  has  Deer.  aiu\lyzeo  in  aetaii  (Scott, 
ii)60;  HcOeary,  i!^6i) . Mhiie  a ranaoaiy  packed  Deo  ot  unxfora  spheres 
will  nave  a void  fraction  of  '^7-40  percent,  a oinary  mature  of 
spheres  with  a size  ditferera:e  of  at  le.iat  seven  win  pack  with  leos 
tnan  zO  percent  void  fraction.  Mitn  optiaized  coating  thickness  and 
optiaized  particle  size  aistriDution,  the  fuel  loading  for  coated 
particles  can  approach  that  of  the  current  SP-100  design. 

Tne  design  or  coated  particles  is  coaplicateo  by  the  diaensional 
changes  and  creep  of  the  carbon  coatings.  Weutror.- induced  contraction 
of  tne  carbon  coatings  results  in  substantial  slin.-tkage  in  the  case  of 
a two-i.ayer  (BlsO)  particle,  or  in  coaipressive  stresses  in  the  caroioe 
barrier  coating  in  the  case  of  aultiiayer  (TKISO)  particlea.  These 
effects  are  opposed  by  the  internal  pressure  resulting  froa  fission 
gas  generation  within  the  particle.  Sopnisticateo  coated-particle 
design  models  nave  oeen  developed  that  consider  tnese  effects  (Prados 
and  Scott,  i966;  Kaae,  1969;  Bongartz,  1977).  Owi.ng  to  the  coaplexity 
of  the  processes  anu  the  difficulty  in  obtaining  precise  input  data, 
these  models  are  still  seaiempir icai.  However,  their  value  has  been 
proven  in  coated-particle  design  and  in  tne  analysis  of  experimental 
results.  Because  of  tne  inherent  variability  in  coated-particle 
oiiuensions  and  properties,  statistical  methods  are  unej  m design 
(Gulden  et  al. , 197Z) . This  is  illustrated  in  Figure  13. 

Tnermochemicai  processes  can  limit  coateo-par tide-fuel  perforoiance 
under  certain  conditions.  Two  phenomena  are  of  particular 
significance:  (1)  the  so-CalleJ  aa.^ba  effect  \n  wnich  the  fuei 

kernel  tends  to  migrate  up  a teiaperature  gradient  througn  tne  carbon 
coatings,  ana  (Z)  reactions  between  certain  metallic  fusion  products, 
notably  palladium,  and  SiC  coatings.  It  iias  been  shown  theoretically 
anfi  verified  experimentally  tnat  the  asxseba  effect  lu  caroiae  fuels  is 
controlled  by  solid-state  thermal  diffusion  of  carbon  through  tne 
kernel  under  tne  iniluence  of  tne  temperature  gradient  (Gulden,  197b; 
Stansfield  et  al,  1975).  Tnis  is  illustrated  in  figure  14.  An  amoeba 
effect  is  also  observed  in  oxide  fuels.  Although  its  mecuhnis.::  is  not 
as  w'- l1  understood  an  tnat  in  carbide  fuels,  extensive  experiwntal 
studies  have  shown  that  the  amoeba  effect  can  be  treated 
phenoaenologically  the  same  as  in  carbide  fuels  (Wagner-Lof f ler, 

1977)  . It  nas  been  shown  that  the  presence  of  a zirconiu..  carbide 
seal  coating  around  the  fuel  kernel  eliminates  amoeoa  migration  in 
coated-oxide  fuel  particles,  and  a similar  effect  is  probable  in 
coated-cacuide  fuel  particles.  Thus  this  particle  failure  wchanism 
can  oe  eliminated  witn  appropriate  design  changes. 

Reactions  between  metallic  fission  products  and  the  biC  coating 
nave  long  been  observed.  However,  only  recently  nave  suriicient 
experimental  data  been  available  to  allow  quantitative  eo^iricai 
design  methods  to  be  developed  (Baith,  1979).  Fission  product 
reactions  do  not  occur  witn  zirconium  carbide  barrier  coatings,  and 
therefoie  zirconium  carbide  is  preferable  to  silicon  carbide  as  a 
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baccinr  aiat«ci«l  in  coatwd-particie  fuels  that  ace  intenaeu  foe  very 
nign  teapecatuce  service  wtiece  fission  product  reactions  laay  cause 
coating  failure,  tkitn  of  tnese  classes  of  tnernochemical  phenoctena 
are  sufficiently  well  understood  to  Oe  treated  quantitatively  in 
design.  They  are  patticulacly  important  for  nigh-tempecature-iuel 
•7  applications. 

Over  tne  past  iO  years,  coated-part icle  fuels  have  oeen  developed 
to  a high  degree  of  sopnistication  and  predictability.  Potential  fuel 
improvements  have  been  identified  tnat  may  provide  even  greeter 
flexibility  in  tneir  use  in  tne  future.  The  basis  for  the  use  of 
coated-particle  fuels  in  advanced  nucieac  systems  is  well  established. 


iiUMMARY  ANU  CONCb'JSIUNS 

Mhile  a variety  of  tiign-temperattire  fueln  is  available  tor  advanced 
nucieac  systems,  tne  cnoice  of  a tuel  type  is  controlled  oy  a complex 
interaction  between  system  design  constraints  ana  fuel  properties  and 
ochavior.  Key  considerations  include  fuel  compatibility  with  cladding 
and  coolant,  fuel  swelling  and  fission  gas  release,  anu  density  of 
fissile  oiatecial. 

Uranium  dioxide  has  become  tne  standard  fuel  for  roo  ..  reactors 
operating  today  that  use  conventional  inetal-clad  fuel.  It^ias 
excellent  conpatioility  witn  cladding  materials  and  goexi  irradiation 
benavlor,  and  pernaps  most  important,  it  nos  an  Impressive  and 
successful  record  of  use.  Monocaroide  ana  roononitride  fuels  remain  of 
interest  for  advanced  applications  because  of  the  substantial 
impcovemen  they  offer  in  both  fissile  density  and  tnermal 
coiKluctivity . However,  materials  compatibility  issues  must  be 
carsfuliy  considered  with  tne  carbides,  and  vaporization  is  a concern 
with  ttie  nitrides.  In  both  cases,  o>.‘t  especially  witn  nitrides,  the 
advantages  for  a particular  system  must  be  substantial  to  outweign  tne 
relative  lack  of  experience  and  data  as  comparea  to  the  oxide. 

Cermets,  especially  U0»  with  refractory  metais,  and  tne  mixed 
carbide  UC-l^rC  are  also  potential  nigh-teraperature  fuel  cnoices. 

Coated-particle  fuels  were  developed  for  cne  NHRVA  and  Rover 
programs  and  have  proven  very  successful  in  experimental  and 
commercial  nign-temperature , gas-cuoied  reactors.  Coatea-particie 
fuels  are  well  developed,  ana  tne  factors  tnat  control  tneir 
performance  are  well  understood.  Coated  particles  off) ; potential  for 
higher  temperature  operation  than  any  other  solid  fuel.  The  coatings 
are  very  effective  in  isolating  the  fuel  from  its  surroundings,  so 
that  swelling  and  chemical  reactions  can  oe  controlled  at  a highly 
localized  level.  Coated-particle  fuels  offer  a hign  degree  of 
flexibility  in  choice  of  ooth  coating  and  fuel  materials  and  are 
compatible  with  a wide  range  of  advanced  nuclear  system  designs. 

The  range  of  available  mgn-temperature  fuels  for  advanced  nuclear 
systems  is  oroad.  In  general,  no  singie  fuel  will  be  optimal  for  ail 
systems  requirements.  Tne  fuel  selection  process  involves  a trade-off 
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between  systems  design  and  materials  properties.  In  some  cases,  the 
fuel  properties  can  be  moaified  to  better  match  systems  requirements, 
as  in  cermets,  alloyed  fuels,  or  coated  particles. 
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FIGURE  2 Gas-filled  bubble  in  mechanical  equiliorium  with  a solid 
under  hydrostatic  strets  (Olander,  1976). 
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FIGURE  3 ue^endence  of  fuel  swelling  on  temperdture  for  UC,  Url,  and 
UO2  (Bauer,  1^1  ^)  . 
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FIGURE  8 Thermal  conductivity  versus  temperature  for  various  fuels  (Buden  et  al.,  1979) 
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FliiURE  9 Compa''i8on  of  free  ene<:<jy  of  formation  (Coen  et  ai.,  1969) 
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NbUTRON  PHYSICS  OF  KiJiCTORS  FOR  UbE  IN  SPAOS 


b.  Kouts 

Brookhaven  National  LaDoratory 
Upton,  New  Yock  11973 


The  power  systems  especially  suited  to  serving  applications  in  space 
could  vary  substantially  in  characteristics,  depending  on  the 
mission.  The  range  ot  important  features  might  be  even  wiaer  than  is 
encountered  in  terrestrial  power  plants. 

Some  missions  would  require  small  to  moaerate  amounts  of  electric 
power  over  long  periods  of  time,  perhaps  a numoer  of  years.  Some 
would  require  tne  ability  to  generate  large  amounts  of  power  over 
short  periods  of  time.  For  some  of  these,  the  bursts  of  power  might 
oe  summoned  several  times  in  the  life  of  the  plant.  For  others,  the 
need  might  arise  only  once.  7.a  designs  for  pulsed  demand,  tne  plant 
would  probably  be  cycled  at  Jeast  once  for  test  purposes  and  then 
would  hibernate,  working  at  low  station-keeping  power  until  called  on 
to  perform  in  earnest.  The  time  available  for  response  might  be  very 
short — a few  seconds. 

It  IS  unliKely  that  any  single  design  of  power  plant  is  best  suited 
to  spanning  tne  full  range  of  requirements.  It  is  also  unlikely  tnat 
any  single  set  of  features,  in  terms  of  engineering  or  neutron 
pnysics,  offers  optimal  performance  over  the  range.  The  power  plant 
should  be  tailored  to  tne  mission  to  wnicn  it  is  dedicated,  its 
thermal,  thermal-nydraulic,  and  neutronic  cnaracteristics  are  tne 
principal  variables  to  be  settled  in  design. 

Although  1 will  concentrate  on  the  neutronic  aspects  of  the 
programs  that  would  be  required  for  space  reactors,  the  thermal  ano 
tnermal-hydraulic  aspects  are  intimately  intertwined  with  the 
neutronic  ones,  and  it  is  not  possible  to  discuss  them  separately. 
Therefore  I shall  stray  into  these  thermal  and  tnr  na 1-hydraulics 
areas  but  will  not  give  a separate  review  of  them 


OONSIUliREU 

We  consider  three  classes  of  system  among  the  many  that  have  been 
proposed  over  tne  past  2-3  decades.  These  are  of  special  interest  at 
this  time,  for  various  reasons. 
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Tne  Movec/NEKVA  designs  used  tuei  consisting  of  ursniua  csrbiae 
dispersed  in  grapnite,  and  nyorogen  as  tne  coolant.  Tbis  was  a 
weii-tneroaiizeu  system.  Tiie  weight  of  toe  reactor  varied,  but  it  is 
typiried  by  the  NcdlVA  design  of  3.4  tons  for  a reactor  intenaea  for  a 
long-term  (more  than  bO  min)  burn  at  1,500  MW. 

The  bP-lOO  is  tne  most  recent  version  of  a series  of  assigns  that 
nave  oeen  developed  at  Los  Alamos  National  Laboratory  over  a period  of 
years,  it  consists  of  a fast  reactor  core  of  UU^  wafers  sandwichea 
oetween  sheets  of  molybdenum  metax,  which  serves  as  a medium  to 
conduct  tne  neat  to  a system  of  neat  pipes.  Tne  heat  pipes  trarsfer 
tne  neat  to  tne rmoelec trie  elements.  Additional  heat  pipes  transport 
the  residual  neat  to  a thermal  radiator.  The  core  is  reflected  on  the 
siaes  ana  on  one  end  by  beryllium  metal,  and  on  the  other  ena  oy 
beryllium  oxide.  This  is  tne  end  that  the  heat  pipes  penetrate  on 
their  way  to  the  thermoelectric  junctions  and  the  eventual  radiative 
heat  dissipation. 

Tne  tnird  class  of  system  is  that  oased  on  use  of  particle  oeas. 

The  particles  are  the  coated  spnerical  fuel  particles  developed  for 
the  Hign-Temperature  Gas-Cooled  Keactor  (dTGK) , and  even  earlier  for 
the  Rover/NERVA  reactors.  The  bed  takes  tne  form  of  a cylindrical 
shell.  Tne  coolant  is  nydrogen  forced  through  the  bed  from  the 
outside  surface  and  reotoved  from  the  core  region  during  exit  at  the 
inner  surface.  The  Pixed-Bed  Reactor  core  is  a particle  bed  of  tnis 
kina  retaineu  between  two  gas-permeable  frits,  with  a reflector  of 
beryllium  on  the  ou'^iioe  and  either  beryllium  or  graphite  on  the 
inside.  The  Rotating-Bed  Reactor  would  not  nave  tne  inner  frit. 

Rapid  rotation  of  the  reactor  would  press  tne  oed  outward  against  the 
frit,  through  centrifugal  action,  a tendency  opposed  by  the  inward 
roovii'tg  coolant,  wnich  would  fluidize  the  oed.  There  would  be  no  inner 
reflector. 

The  SP-100  concept  is  directed  to  long-term  generation  of  moderate 
aiEOunts  of  electric  power.  The  design  point  that  has  been  most 
extensively  explored  has  as  an  objective  steady  state  electric  power 
of  lUU  kW(e)  generated  from  1,400  kW(t),  produced  over  a period  of 
7-10  years. 

The  Rover/NU’VA  designs  were  conceived  of  as  propulsion  power 
plants,  to  deliver  typically  about  55,000  lb  of  thrust  from  1,500  MW 
of  power.  We  assume  in  this  paper  tnat  Rover/NcIRVA  designs  might  be 
modified  to  generate  electricity. 

Partxcle  bed  reactors  can  be  tailored  to  a wide  range  of 
requirements.  Steady  state  power  can  be  generated  by  a Pixed-Bed 
Reactor,  driving  electrical  generators  through  (for  instance)  a 
Brayton-cycle  gas  turbine,  producing  from  lOO  kW(e)  to  a nominal  100 
MW(e),  assuming  ability  to  dissipate  tne  waste  heat.  Higner  powers 
can  be  generated  using  a Rotating-Bea  Keactor  design.  These  power 
levels  would  be  more  easily  achieved  in  bursts,  when  short-term 
metnods  of  waste  energy  dissipation  can  be  used. 
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NbUTROM  PHYSICS  Ht.gUlKI<«G  HXPLOHATION 

It  IS  n«c«issary  to  develop  a good  pnysicai  understarding  o£  tne 
neutronic  Oenavioc  ot  canuidate  systeas  foe  use  in  iipace 
applications.  Tnese  systeas  ail  differ  froa  tne  oniis  nocaaily  used 
for  other  purposes,  suen  as  for  terrestrial  power  generation  or  for 
research,  and  so  tne  tneoreticai  aethods  used  for  design  in  tne  other 
areas  will  generally  need  further  testing  and  recineaent  in  these  new 
applications.  Good  understanding  is  especially  urgent  oecause  the 
power  plants  aust  oe  designed  to  operate  over  long  periods  with  no 
repair,  aodif ication,  or  maintenance.  Tne  possibility  of  direct  huaan 
intervention  is  discussed  at  tiaes,  out  it  thio  ever  becomes  possible 
in  tne  future,  it  will  still  be  a nignly  exceptional  unoertaKing. 

The  literature  contains  oetaiied  lists  calculated  charac- 
teristics and  features  ot  designs  oased  on  the  various  reactor 
concepts  that  nave  been  exploreo.  These  include  neutionic  features  as 
well  as  engin'ieiring  design  parameters.  The  n'.utronic  characteristics 
are  oased  in  each  case  on  some  particular  scheme  of  computation  in  use 
at  tne  time,  usually  one  developed  for  otner  reactor  systems.  Very 
few  or  tne  con^utational  schemes  were  benenmarked  against  assemblies 
reseiooling  tne  ones  explored  for  space  applications.  Altnougn  tne 
desig.n  points  are  guite  detailed  in  tneir  description,  tne  neutronic 
aspects  are  not  nearly  suited  to  reliable  design.  In  many  cases, 
important  features  of  the  computational  schemes  used  to  generate  the 
tables  or  characteristics  nave  been  lost  ana  cannot  be  reconstructed. 
The  features  include  old  neutronic  machine  codes,  old  cross  section 
sets,  recipes  used  for  calculation  or  interpolation  or  extrapolation, 
assumptions  as  to  configurations  used  in  tne  calculations,  etc.  Any 
decision  to  use  designs  following  a given  reactor  concept  must 
recognize  the  need  for  an  experimental  neutron  pnysics  program  that 
proceeds  almost  from  a starting  point  where  some  basic  neutron  physics 
questions  are  settled — not  because  the  calculations  are  meaningless 
but  because  tney  must  be  unusually  reliable. 

The  neutron  physics  questions  include  those  of  long-term  static 
performance.  The  initial  reactivity  of  tne  system  must  oe  in  the 
operating  range  contemplated  at  start-up  and  througnout  system  life  at 
operating  conditions.  Tnis  requires  close  Knowledge  of  the  cold  clean 
criticality,  tne  reactivity  effect  of  proceeding  to  temperatures 
suited  to  power  generation,  and  the  reactivity  effects  of  burnup  and 
fission  product  buildup  over  tne  life  of  the  plant.  For  a typical 
plant,  an  uncertainty  of  0.5  percent  in  reactivity  could  mean  an 
uncertainty  of  ^5  percent  in  system  life.  Additional  details  may  be 
needed  on  such  questions  as  tne  spatial  variation  of  power  and  its 
Change  over  plant  life,  radiation  damage,  and  gamma-ray  heating. 

systems  that  may  be  called  on  to  deliver  high  power  over  short 
periods  of  time  will  require  close  knowledge  of  criticality;  the 
effects  of  temperature,  burnup,  and  fission  product  buildup  on 
reactivity;  the  prosit  neutron  lifetime;  the  spatial  variation  of 
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power;  '.he  cnaicictecistic  curves  of  control  elenents;  and  delay 
constants  associated  with  reactivity  feedbacK  mechanisms  aitu  other 
possible  sources  of  instability. 

Safety  considerations  will  require  accurate  knowledge  of 
characteristics  of  the  reactor  that  could  be  important  during  launch 
failures,  sucn  as  reactivity  effects  of  core  distortion  and  core 
flooding.  Safety  considerations  will  also  require  knowledge  of 
shutdown  margins,  including  tnose  associated  with  partial  failure  of 
control  systems. 

Some  of  tnese  cnaracteristics  are  not  easily  ootained  in 
experimental  programs  but  must  be  derived  from  calculations  using 
reliaole  theory.  It  is  therefore  essential  that  the  experimental 
programs  include  means  of  ensuring  tnat  the  theoretical  methods  are 
depenaable  even  when  they  cannot  be  tested.  This  is  often  managed 
through  experiments  that  in  themselves  may  have  little  direct 
relevance  to  operating  properties,  but  that  are  important.  An  example 
is  the  experimental  determination  of  activation  rates  and  reactivity 
coefficients  of  various  materials  at  different  points  in  the  reactor. 
These  test  the  calculated  features  of  the  neutron  spectrum,  and  thus 
indirectly  tney  test  tne  ability  of  tne  calculacions  to  predict 
accurately  features  that  depend  on  tne  spectrum. 


CRITICALITY 

The  geometry  of  Rover/NLKVA  type  cores  is  simple,  since  these  cores 
would  be  nearly  nomogeneous.  A number  of  these  systems  were  built  in 
both  critical  experiments  ana  operating  experiments,  and  criticality 
was  explored.  However,  these  studies  were  conducted  about  lU  years 
ago,  at  a time  when  the  theoretical  metnods  in  vogue  were  much  simpler 
ana  less  exact  tnan  those  used  now,  and  fitting  analysis  to 
experiments  required  some  manipulation  of  the  calculations.  If  the 
details  of  the  old  experiments  are  still  in  existence  ana  accessible, 
the  work  done  witn  these  assemblies  can  serve  to  oenchmark 
calculations  completed  with  more  sophisticated  theory  and  oecter  cross 
sections  than  were  available  10  years  ago.  I suspect  that  in  first 
tries  at  calculating  criticality  of  the  old  systems,  a value  of 
within  about  0.5  percent  of  critical  should  noc  be  thought  of  as 
shameful,  and  improving  on  tnis  would  taxe  time  and  study. 

The  criticality  of  bP-100  is  less  well  known.  A series  of  rough 
mock-ups  of  just  critical  versions  of  a reference  design  was 
constructed  in  the  Honeycomb  assembly  machine  at  Los  Alamos,  and  it  is 
reported  that  the  calculated  values  of  k^ff  of  the  critical  systems 
were  very  close  to  unity.  This  is  encouraging,  but  it  must  be 
recognized  that  the  process  of  experimental  testing  of  neutronics  has 
only  begun  in  these  studies,  which  were  intended  as  the  start  of  a 
substantial  program.  Better  mock-ups  are  needed,  particularly  ones 
that  distribute  the  components  in  a more  realistic  way,  with  simulated 
heat  pipes  providing  paths  for  streaming  of  neutrons.  These  mock-ups 
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anouid  also  cacefuiiy  reproauca  cue  lull  eftecta  of  Che  beryiixum 
retieccoc,  as  ic  provides  a recucn  currenc  of  Cnecmaiizeu  neuccons  and 
as  ic  au^nencs  cne  etfecCive  value  ot  neucrons-per-f iasion  chrouqn 
(n,in)  and  (5>n)  reaccions. 

The  cricicaiicy  of  cne  particle  oeo  sysceis  is  even  less  well  known 
at  this  tune.  Only  one-diaensionai  transport  calculations  ot 
nave  been  done,  but  no  criticality  experiments.  The  analysis  is  still 
in  the  development  phase. 


TEMPERATURE  EFFECTS 

The  ettects  of  temperature  on  reactivity  of  reactors  ace  produced  in  a 
number  of  ways.  The  causes  incluoe  thermal  expansion,  resonance 
bcoadeniny  from  Uoppiec  shift,  altered  equiliocium  energy  distrioution 
ot  a thermal-neutron  distrioution,  and  phase  changes,  if  they  occur. 
The  change  in  average  energy  of  the  thermal-neutron  distribution  can 
affect  cne  balance  oecween  iission  and  parasitic  capture,  and  it  can 
alter  cne  fraction  or  neutrons  tnat  leax  from  the  reactor  oefore 
inducing  nuclear  reactions.  All  the  reactors  we  are  considering  here 
use  enriched  uranium  fuel  and  nave  small  Doppxer  coefficients. 

Tne  Movec/NEKVA  reactors  had  reasonably  well  tnermalizeo  spectra. 
The  effects  of  temperature  on  reactivity  were  caused  primarily  by  tne 
increase  in  mean  temperature  of  tne  thermal  neutrons  in  thermal 
equilibrium  with  tne  moderator,  as  the  temperature  of  the  moderator 
was  increased.  The  principal  effect  of  this  was  an  increase  of 
neutron  leakage  with  rising  temperature.  A second  important  effect  of 
this  change  is  an  altered  ratio  of  parasitic  capture  and 
fission,  a ratio  which  is  not  constant  in  tne  low-energy  region. 
Increased  moderator  temperature  leads  to  increased  mean  thermal- 
neutron  energy,  which  reduces  reactivity  through  a greater  reduction 
wii  fission  than  capture.  In  principle,  tnese  effects  in  Kover/NEKVA 
cores  should  oe  well  Known,  because  tne  cores  were  operated  both  cold 
and  nut.  As  was  pointed  out  above,  the  tneoretical  methoas  ZU  years 
ago  were  not  so  well  developed,  and  tne  calculations  did  nut  fit  the 
experimental  results  as  well  as  might  be  desired.  Tne  ability  of  the 
old  experiments  to  bencnmark  tne  new  tneoretical  methods  and  cross 
sections  depends  on  existence,  accessibility,  and  completeness  of  the 
experimental  record. 

Tne  part  1C le  bed  reactors  are  also  tnermal  systems,  with  most 
fissions  induced  by  moderated  neutrons  returned  from  the  reflector. 

Tne  physical  separation  of  moderator  ano  reflector  has  an  important 
bearing  on  the  effect  of  temperature  on  reactivity.  The  outer 
reflector  will  nave  a temperacure  well  below  tnat  of  the  exit  coolant 
gas;  it  is  cooled  on  one  side  by  radiative  heat  losses  into  space,  and 
on  Che  other  side  by  tne  cool  inlet  gas  stream.  Tne  neat  source  in 
this  medium  is  neat  radiated  from  tne  not  fuel,  and  gamma-ray  ano 
neutron  heating.  Tnis  source  is  not  *'ery  large.  The  temperature  of 
the  outer  reflector  will  therefore  not  change  rapidly  with  power,  and 
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80  the  leaKa^e  ot  neutrons  into  space,  wnich  is  governed  by  this 
temperature,  will  not  oe  coupiea  closely  to  exit  cooiant  gas 
cemperature.  Likewise,  the  mean  energy  ot  thermaiixeo  neutrons 
returning  to  tne  core  will  also  oe  insensitive  to  the  reactor  power. 
Tnus,  the  Hotating-Ued  Reactor  is  expected  to  have  a small  tesfierature 
coeificxent  of  reactivity  and  a small  power  coefricient.  The  inner 
reflector  of  the  Fixed-Bed  Reactor  will  operate  at  a temperature  near 
tnac  of  tne  exit  gas  (higner  if  cooled  only  by  exit  gas,  lower  if 
tnere  is  partial  cooling  oy  a bypass  stream  of  entry  gas) . The 
tendency  of  the  temperature  of  the  inner  moderator  to  foiiow  that  of 
the  exit  gas  contributes  to  tne  temperature  and  power  coefficients 
through  cross-section  effects,  but  not  through  neutron  leakage  or 
thermal  expansion.  The  net  effect  is  expected  to  be  small,  but  tne 
sign  is  not  known. 

The  SP-lUO  IS  a fast  reactor,  out  thermal  neutrons  returned  from 
the  reflector  play  an  important  roie  in  tne  criticality.  Since  the 
reflector  is  not  actively  cooled,  its  temperature  snouia  cnange  as  the 
tenperature  of  tne  core  changes.  The  reflector  should  contribute  to 
tne  temperature  ana  power  coefficients  througn  efiects  that  resesu>ie 
those  appropriate  to  thermal  reactors.  These  have  tneir  origin  in 
neutron  leakage  ana  neutron  energy  dependeta:e  of  competitive  neutron 
absorption  at  thermal  energies.  They  would  add  to  other  temperature 
effects  from  tnermai  expansion  of  the  core  and  from  altereu 
distribution  of  tne  working  fluia  (sodium)  in  the  heat  pipes 
penetrating  tne  core. 

There  are  no  experimental  aata  on  temperature  ana  power 
coefficients  of  particie  oea  reactors  or  tne  SP-100. 


SPATIAL  POWSR  PSAKINu 

One  feature  common  to  the  S^-100  and  the  particle  bed  reactor  concepts 
is  the  rapid  spatial  variation  or  the  neutron  flux  near  tne  interface 
between  tne  core  anu  the  reflector,  botn  the  energy  ana  the  angular 
distributions  are  nighly  space  aependent  in  this  region. 

in  tne  beryllium  reflector,  tne  effects  or  variable  spectrum  are 
felt  tnroug.i  the  density  of  the  fast-neutrun-induceu  reaction 
^be4(n,2n) 2^He^.  Tnis  reaction  inouces  radiation  damage  in 
tne  reflector  tnrougn  the  generation  ot  nelium  nuclei  that  at  low 
temperatures  accumulate  interstitialiy  in  the  ueryiiium  lattice  and  at 
higher  temperatures  migrate  to  nucleate  ana  o«'veiop  small  bubbles  or 
nelium.  This  inauces  volumetric  growth  near  the  core-reflector 
interface,  whicn  aistorts  the  beryllium  into  a shape  convex  against 
the  reactor  core.  Tn«>  "'''feet  has  been  seen  in  otner  reactors  such  as 
the  Materials  Testing  ctor  (MTk) , ana  can  be  averted  througn  design 
if  It  appears  to  oe  serious,  such  as  Ly  keeping  the  temperature  low 
enough  *-o  innibit  bubble  foraiation.  In  any  case,  the  spatial 
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aistriDution  ut  tne  tugn-encrgy-neutcon  flux  in  tne  beryllium  must  be 
well  unaecutooa. 

In  die  tuei  cegion,  it  is  tne  returning  current  of  weil  tnermalizeci 
neutrons  that  requires  attention.  Thir  is  the  origin  of  localized 
power  peaxing,  whicn  can  oe  very  sharp.  The  attenuation  length  of  a 
tnermai  neutron  in  is  less  than  1 mm,  anu  sc  pc-ver  peaking 
effects  in  tne  Sp-iUU  should  oe  highly  local  and  may  be  very 
luipottant.  Proper  calculation  of  tne  effect  requires  consiaeraoie 
detail  in  die  thermal  energy  region,  a feature  not  present  in  codes 
normally  used  to  analyze  fast  reactors.  This  peaking,  combined  with 
the  poor  neat  conductivity  of  tne  UU^,  may  induce  local  temperatures 
in  fuel  that  set  a limit  on  reactor  perforoiance.  The  dynamics  of  heat 
pipes  in  these  hign-temperature  regions  also  require  attention.  It  is 
important  to  Know  at  what  power  level  burnout  occurs  in  the  heat  pipes 
contemplated  for  SP-lUO. 

In  particie  bed  reactors,  peaking  factors  from  return  of  weil 
thermalized  neutrons  must  oe  weil  uruierstood  for  thermal-hydraulic 
design.  In  tne  Fixed-Bed  Reactor,  which  has  an  internal  and  an 
external  reflector,  power  peaking  will  occur  at  both  the  inner  and  the 
outer  surfaces  of  tne  cylindrical  shell  tuat  comprises  tne  bed.  The 
coolant  gas  flows  from  the  outside  surface  of  tne  bed  to  the  inside 
surface,  oeiiig  heateu  on  the  way,  and  so  it  is  tne  peaxing  at  tne 
hotter  inside  surface  that  must  be  well  determined  if  there  rs  concern 
about  excessive  neat  mg  of  the  fuel.  Power  peaking  sets  a minimum 
flow  rate  of  coolant  to  avoid  burnout.  The  small  value  of  AT  between 
tne  coolant  gas  ana  tne  fuel  particles  seems  to  nnsure  freedom  from 
problems  in  normal  operation,  where  the  coolant  gas  may  be  limited  to 
auout  i4  0U  K and  the  fuel  particles  iray  be  oniy  some  tens  of  degrees 
hotter.  Problems  could  arise  in  some  transient  cases,  such  as 
start-up  and  shutdown,  and  accidental  loss  of  coolant  flow.  We  shall 
come  uacK  to  this  later. 

Tne  Rover/NBKVA  systems  are  free  from  severe  power  peaking  problems. 


bUNG-TKRM  BEHAVIOR 

The  long-term  reduction  in  reactivity  as  burnup  proceeds  would  be 
important  only  for  designs  intended  to  produce  power  over  extended 
periods.  Both  the  SP-100  and  the  particle  uea  concepts  are  capable  of 
design  for  very  nigh  fuel  loadings  and  so  could  be  tailored  to  suit 
the  requirements.  The  BP-lUO  designs  are  likely  to  oe  less  sensitive 
to  fission  product  poisoning  than  the  particie  bed  aesigns.  The 
greater  part  of  tne  BP-IUU  fissions  is  produced  volumetr ically  in  the 
core  by  fast  neutron<^,  ana  fission  products  in  this  region  compete  for 
neutrons  according  to  the  relative  values  of  macroscopic  cross 
sections.  In  the  particle  bed  concents,  fissions  are  all  ;->nduced  by 
neutrons  returning  from  tne  reflectors.  Because  of  the  power  peaking 
at  tne  surface  of  tne  ted,  fission  products  will  build  up 
preferentially  in  this  region  of  the  Fixed-Bed  Reactor,  where  they 
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will  generate  a curtain  through  which  the  returning  neutrons  oust 
pass.  A similar  etiect  will  be  produced  at  the  outer  surface  of  tne 
SP-lOUf  but  its  overall  effect  on  reactivity  will  be  less,  because  of 
constant  migration  of  particles  through  the  bea,  the  Rotating-bed 
Reactor  would  not  experience  the  effect.  There  is  some  discussion  of 
Fixed-Bea  Reactor  designs  in  which  the  bed  is  re  <ed  at  intervals  to 
eliminate  the  problem.  Long-term  behavior  in  this  detail  has  not  yet 
been  explored. 


KlNKTICS  aNU  STaRT-UP  AND  SHUTDOWN 

The  prompt  neutron  lifetime  of  tne  SP-IUU  is  of  the  order  or  10~^  s. 
While  that  of  particie  oea  systems  and  Rover/N£RVA  systems  is  of  the 
order  of  1U~^.  These  lifetimes  are  so  snort  that  neutronic  oenavior 
would  not  limit  rapidity  of  response  if  rapidity  is  desired.  The 
actual  limits  to  speed  of  response  are  set  by  thermal  and  mecnanical 
considerations. 

Rover/Ni:RVA  systems  are  limited  in  rapidity  of  start-up  and 
Shutdown  oy  the  possibility  of  cnermal  snocR  to  the  core,  where  the 
fuel  is  distributed  in  a matrix  of  moderator  clad  oy  a refractory 
naterial.  In  the  experiments  conducted  I decades  ago,  temperature 
ramps  for  tne  core  were  limited  to  l0U°-l50^F/s.  At  higher  ramp 
rates,  fuel  damage  was  encountered. 

Start-up  and  shutdown  of  particle  bed  systems  would  also  have  to  be 
reviewed  from  tne  standpoint  of  cnermai  snocK  to  structure.  The  fuel 
i-cself  would  not  be  prone  to  difficulties  of  this  origin.  But  the 
frit  at  the  inner  surface  of  the  fuel  in  the  Fixed-bed  Reactor  may  be 
stressed  during  rapid  power  changes.  The  matrix  of  the  frit  would  be 
volumetr ically  heated  and  cooled  by  tne  coolant  stream,  and  this  would 
avoid  incernal  localized  stressing,  but  heat  transfer  to  any 
structural  members  would  oe  slower.  It  may  be  necessary  to  devise  a 
careful  programming  of  balanced  change  of  coolanc  flow  aud  reactor 
pcwer,  to  maintain  tne  most  sensitive  components  at  a reasonably 
constant  temperature  and  prevent  tnermal  snocR. 

These  considerations  are  important  to  use  of  particle  bed  reactors 
or  Rover/N£RVA  reactors  in  rapid  response  modes.  It  might  be 
necessary  for  some  missions  to  ramp  the  power  up  from  station-Reeping 
levels  to  full  power  in  a few  seconds.  The  thermal  shocR  to  fuel 
limits  the  ability  of  Rover/NHRVA  to  respond.  Thermal  shocK  may  also 
have  to  be  analyzed  for  particle  ocd  systems,  out  it  is  not  expected 
to  set  tne  lower  limit  to  response  time,  as  long  as  proper  design  is 
followed.  Tne  limit  should  oe  set  by  the  time  required  to  ramp  up  tne 
coolant  flow.  Tnis  may  even  involve  switcning  from  closed-cycle  to 
roen-cycie  cooling. 

The  SP-100  is  not  at  present  considered  for  puised  operation. 
Limiting  ramp  rates  are  still  important,  however,  for  reasons  of 
safety  and  stability.  At  the  operating  power  level  of  1,400  kW,  tne 
adiabatic  rate  of  core  neatup  would  be  auout  f00<^C/s.  It  is 
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unlikely  that  the  neat  pxpeu  could  restionu  taat  enough  foe  cooling  to 
track  heating  at  tnese  power  levels,  and  so  questions  or  stability 
uust  oe  considered.  This  point  will  be  considered  again  in  the 
following  section. 


SAFETY  AND  STABILITY 

In  tne  present  context,  safety  means  freedom  from  disabling  failures. 
Considerations  of  safety  ano  stability  are  very  different  for 
different  space  reactor  concepts,  and  in  fact,  the  most  important 
features  in  tnis  context  are  likely  to  be  set  by  suen  details  of 
design  as  pump  and  valve  reliability,  electrical  system 
characteristics,  etc.  There  are,  however,  some  generic  aspects  of 
SP-100  and  particle  bed  designs  tnat  will  require  exploration  in  a 
neutronics  program.  Tnese  arise  from  coupled  neutronics,  thermal 
performance,  ana  thermal-nydraulics. 

The  delay  times  associated  with  neat  transport  in  SP-100  could  be 
important  during  power  cnanges.  These  delays  are  the  result  of  low 
neat  conductivity  o£  tne  uranium  oxide  fuel,  and  mass  transport  in  the 
heat  pipes.  On  tne  other  hand,  SP-100  is  not  intended  for  transient 
use  but  is  designed  to  operate  at  a single  power  level  over  long 
periods  of  time,  instabilities  from  delayed  feedback  coefficients 
will  oe  avoided  if  power  changes  are  made  at  rates  slow  in  comparison 
witn  the  delay  times.  This  may  be  important  if  any  load-following 
operation  is  required. 

A second  generic  question  concerning  SP-100  concerns  the  margins  to 
tnermai  failure.  Points  that  must  be  well  understood  are  the  margins 
to  fuel  taiiure  at  the  not  spot,  wnicn  is  expected  to  occur  at  the 
core-refxector  interface,  where  high  flux  peaking  may  be  found,  ano 
the  margin  to  burnout  in  the  highest  power  neat  pipe.  In  this 
connection,  it  will  be  necessary  to  explore  probabilities  ana  effects 
or  control  system  malfunctions,  such  as  mignt  result  during  changes  in 
system  demand. 

Two  possible  sources  of  instability  of  particle  bed  concepts  must 
be  investigated.  Cne  is  the  potential  for  channeling  of  the  coolant 
gas  tnrough  the  bed  of  fuel  particles,  nnotner  ic  any  possible 
tendency  toward  instability  of  the  meniscus  of  the  inner  fuel  surface 
in  the  Rotating-Bed  Reactor. 

The  generic  safety  issue  pertinent  to  particle  bed  reactors 
operated  in  the  pulsed  mode  with  sharp  power  increases  and  decreaser 
is.  How  are  cooling  capability  and  reactor  p<iwer  to  oe  rampeu 
simultaneously  so  as  to  match  power  generation  with  cooling?  The 
question  of  Highest  interest  in  this  connection  is  that  of  sensitivity 
of  temperature  of  critical  components  to  departures  from  optimum 
strategy. 
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NbUTKONIC  PKOGHAMS 

Tnere  was  an  extensive  ex^er mental  program  on  KIWi/Kover/N£KVA 
rv-dctors  in  tne  late  L960s  and  early  1960s,  when  these  systems  were 
oeing  developea  for  rocxet  propulsion.  In  the  course  of  that  program, 
a number  ot  systems  were  built,  and  a broad  physics  program  was 
pursued.  This  may  provide  an  adequate  basis  for  ta'ioring  similar 
reactor  systems  to  more  modern  applications.  However,  to  be  certain 
tnat  no  new  experimental  neutron  physics  is  needed,  it  will  ue 
necessary  to  review  tne  archival  information  from  these  programs,  to 
determine  its  completeness  and  adequacy  as  a basis  for  benchmarxing 
calculations  made  using  current  cross  sections  and  computational 
roetnods.  Without  such  a review,  it  is  difficult  to  estimate  now  much 
new  experimental  work  would  be  needed.  In  any  event,  a substantial 
tneoretical  program  would  be  needed  to  redo  tne  oid  theoretical 
interpretations  and  to  establisn  an  analytical  oasis  for  confident 
design  calculations.  Of  course,  any  decision  to  review  the 
Rover/NKKVA  program  would  have  to  point  toward  a working  demonstration 
plant  wtiere  the  rinal  neutron  pnysics  design  could  be  cnecRed. 

Several  delayed  critical  mock-ups  of  SP-100  have  been  studied  in 
the  uoneycomo  facility  at  uus  Aiaroos.  This  experiment  was,  nowever, 
only  of  an  introductory  character,  primarily  to  provide  a first  test 
of  the  aoility  to  calculate  criticality.  These  assemblies  were  also 
used  to  conduct  some  safety  tests  and  measurements  of  reactivity 
coefficients  of  several  materials  in  me  core.  Tnese  experiments  were 
a useful  introductory  set  that  established  confidence  in  a numoer  of 
aspects  of  tne  theoretical  methods.  Additional  experiments  would 
certainly  be  needed  in  a serious  development  program.  These  should 
include  more  exact  mock-up  of  designs  contemplated,  including 
simulated  neat  pipes,  detailed  simulation  of  control  drums,  careful 
reproduction  of  uetails  of  the  core-reflector  interface  where  accurate 
knowledge  of  power  peaxing  may  be  necessary,  and  a cote  size, 
composition,  and  geometry  close  to  the  design  point.  This  will,  of 
course,  require  ability  to  hold  down,  by  use  of  distributed  poison, 
the  excess  reactivity  designed  in  for  tenperature  defect  and  burnup. 

The  experimental  program  should  include  determination  of 
criticality,  reactivity  coefficients  of  distributed  poison  for 
extrapolation  to  tne  ot  tne  unpoisoned  core,  reactivity 

coefficients  of  coolant  in  tne  heat  pipes,  neutron  lifetime,  power 
distribution  in  the  core  (with  high  detail  near  jwer  spikes)  , 
high-energy-flux  distribution  in  the  reflector,  control 
Character istics  of  tne  control  drums,  safety  experiments  considering 
launch  accidents,  and  (to  the  extent  possible)  separate  temperature 
coefficients  of  the  reflector  and  tne  core.  It  is  unlixely  tnat  exact 
temperature  coefficients  could  oc  measursd  in  any  experimental 
configuration  short  of  a detailed  demonstration  experiment,  but  some 
coiuponents  of  tne  coefficient  can  be  explored  with  critical  assemblies. 

No  neutronic  experiments  nave  oeen  performed  on  particle  oec 
reactors.  Tne  exploratory  analysis  tnat  has  oeen  done  for  these 


concwpts  has  b«en  baseu  on  use  ot  the  one-dxnensionol  transport  code 
ANldN,  Which  has  been  em^tloyed  for  many  years  and  nas  been  checkeo 
against  a great  many  experimental  assemblies,  but  not  against  any 
closely  resembling  the  particle  bed  designs.  A serious  ueveiopment 
program  would  certainly  require  an  experimental  neutronics  program, 
airected  to  the  same  broad  class  of  questions  listed  above  in  support 
of  the  SP-100  program.  There  would,  however,  be  soute  aifferences, 
particularly  the  neea  to  determine  sensitivity  of  reactivity  to 
aisturbanc^s  in  tne  particie  bed.  Tne  experimental  program  could  be 
started  witn  approximate  mock-ups  as  with  SP-100,  would  then  move  to 
more  exact  muck-ups,  ar i wouid  continue  into  physics  testing  of  a 
demonstration  unit  or  units. 


SPACE  RKACTOR  SHIELDING;  AN  ASSESSMENT  OF  Tdi:;  TECHNULOGT 


D.  E.  bartine  ana  W.  W.  Engle,  Jr. 
OaK  Kiage  National  Laoocacory 
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ABSTRACT 

Analytical  ana  experimental  tecnniques  for  aesignxr.3  ana  testing  space 
reactor  shields  were  devexopea  at  Oax  Ridge  National  Laboratory  more 
tnan  a aecade  ago.  Tne  analytical  techniques,  which  are  available  for 
application  to  current  systems,  automatically  optimize  the  size, 
weight,  ana  saape  of  tne  shield  oy  careful  placement  of  selectea 
shieia  materials  around  the  reactor.  The  design  of  the  sr  .eld  varies 
with  angle  from  tne  reactor  center,  depending  on  the  dose-rate 
constraints  specified  for  different  points  outside  the  system.  The 
F-"  ^ .an  of  the  materials  used  in  tne  aesign  is  aiaed  oy  experimental 
ce^^rminations  of  tne  raaiation-attenuating  characteristics  of  various 
candidate  materials  at  the  OKNL  Tower  Snielding  Facility  (TSF; , wnjch 
,ses  a l-MW(t)  reactor  as  the  source  (tne  Tower  Shielding  Reactor  II, 
or  TSR-il) . Measurements  witn  the  TSK-II  also  confirm  oasic  uata 
(such  as  cross  sections)  neeuea  as  input  in  tne  analytical  methods. 
Prototypic  shieia  aesigns  can  also  oe  tested  at  the  TSF  witi.  a 
lO-lrW(t)  SNAP  reactor  used  as  tne  source.  These  same  techniques  can 
serve  as  a basis  for  developing  a space  reactor  snieiaing  technology 
to  meet  the  demands  01  ruture  systems.  Sucn  a shielding  technology 
program  snould  include  generic  stu<'’'»s  of  various  snield  materials  to 
determine  not  only  their  sr._eld  ’ • aracteristics,  but  also  tneir 
iQateriai  and  structural  integrity  . • severe  temperature  ana  radiation 
environments  ana  under  launcn  ana  accident  conditions.  It  snould  also 
include  generic  studit.-s  of  radiation  streaming  tnrougn  penetrations  in 
snielas  such  as  those  required  to  accommodate  coolant  flow  and  reactor 
control.  Finaxly,  it  snould  include  experimental  tests  anu  detailed 
analyses  of  prototypic  snields.  Only  witn  such  a technology  will 
designers  be  assured  tjiac  tne  shield  weight,  wnich  can  dominate  tne 
overall  weight  of  space  systems,  is  Kept  to  a minimum  while  at  the 
same  time  being  assured  that  tne  dose  rates  and  total  doses  delivered 
to  tne  payload,  to  the  reactor  electronic  components,  and  to  the 
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maintenance  and  operating  personnel  do  not  exceed  the  maximum 
aiiowabxe  limits. 


INTRODUCTION 

All  space  power  reactor  systems  roust  include  radiation  snields  to 
project  the  payload,  the  components  or  the  system  itself,  maintenance 
pr  v'onnel,  and  mission  crews.  Since  the  weight  o£  the  shiela  may 
a..iuir.ate  tne  overall  system  design,  tne  choice  of  the  snieid  materials 
to  provide  this  protection  and  the  optimization  of  tne  designed  shield 
with  respect  to  size  and  shape  are  very  important. 

Shield  materials  are  selectea  botn  for  their  radiation  attenuation 
characteristics  ana  for  their  structural  stability  under  severe 
temperature  and  radiation  environments  ana  unaer  launcn  and  accident 
conaitions.  But  the  shislds  are  always  compromised  to  so.,  degree  by 
penetrations  required  to  accommoaate  coolant  flow  and  control 
devices.  These  penetrations  provide  paths  througn  which  neutrons  can 
stream  and  complicate  the  design.  Tnus,  the  final  shield  design  for  a 
specific  system  must  be  oased  on  a detailed  snield  analysis,  which  in 
turn  must  oe  basec^  on  a sound  space  reactor  shielding  technology. 

This  paper  discusses  the  requirements  for  space  reactor  snieids,  the 
current  capability  for  meeting  those  requirements,  and  the  need  for 
additional  studies  to  develop  a space  reactor  shielding  tecnnoiogy  for 
current  and  future  systems. 


KEgUIREMENTS  FOR  SPACF  REACTOR  SHIELDS 

Snielas  for  space  power  systems  must  meet  tnree  specific  radiation 
design  constraints.  First,  they  must  ensure  tnat  the  radiation 
exposure  levels  per  unit  time  specified  for  the  structural  and 
electronic  components  of  botn  the  payload  and  tne  reactor  are  not 
exceeded,  second,  they  must  ensure  that  the  integral  radiation 
exposures  (total  lifetime  exposures.'  set  for  these  components  are  not 
exceeded.  And,  tnird,  they  must  project  personnel.  For  unmanned 
systems,  it  may  be  necessary  to  allow  for  tne  possiblity  of  reactor 
and  payload  maintenance  and  docKing  ope'ations.  For  manned 
spacecraft,  the  design  must  ensure  that  the  mission  crew  does  not 
receive  dose  rates  or  total  doses  above  the  specified  limits. 

The  shield  must  also  meet  several  structural  design  requirements. 
Minimum  weight  is  a primary  consideration.  In  most  space  power 
planto,  eitner  the  snield  O'*  the  heat  rejection  system  dominates 
overall  system  weight.  Normally,  the  shields  tend  to  dominate  tne 
weignts  of  space.,  aft  utilizing  low  power  reactors,  while  the  hea' 
rejection  systems  (i.e.,  radiators)  tend  to  dominate  the  weignts  of 
tnose  utilizing  higner  powered  units.  Minimum  shield  size  usually  is 
also  important.  In  the  past,  considerable  emphasis  has  been  given  to 
optimizing  the  shape  of  a shield  to  reduce  Doth  its  size  and  weight. 


i66 


and  such  optimizf.tion  vt'*L  become  even  more  important  in  the  future^ 
especially  if  the  systems  are  to  be  launched  with  a space  shuttle. 
Tne  shield  must  also  possess  the  material  stability  to  withstand  the 
temperature  and  radiation  environments  required  for  routine 
operation.  And  finally,  it  must  possess  the  structural  staoility  to 
withstand  launcn  conditions  and  to  retain  its  integrity  during 
accident  conditions. 


CAKLIER  SPACE  REACTOR  SEIELO  PROGRAMS 

Several  investigations  of  space  reactor  shielding  designs  have  been 
carried  out  at  ORNL  in  the  past.  The  most  recent  study,  wnicn  ended 
about  10  years  ago,  was  primarily  oriented  to  tne  Systems  tor  Nuclear 
Auxiliary  Power  (SNAP)  program  and  included  fundamental  measurements 
of  tne  shielding  effectiveness  of  some  candidate  shielding  materials. 
In  addition,  calculation  methods  and  the  physical  data  that  tney 
require  (such  as  cross  sections)  were  developed  to  create  an  analytic 
capability.  Tnese  tools  were  used  in  designing  several  snield 
concepts  during  this  program. 

The  measurements,  made  at  the  ORNL  Tower  Shielding  Facility, 
utilized  a nodified  SNaP-IOa  reactor  (Mynatt,  1971) . They  included 
basic  radiation  attenuation  measurements  for  lithium  hydride,  238^, 
lead,  tungsten,  and  Hevimet  (a  tungsten-copper-nickel  alloy) , as  well 
as  a few  combinations  of  lithium  hydriue  and  nign-Z  materials.  The 
energy  distrioutions  of  neutrons  and  gamma  rays  leaking  from  some 
candidate  snieid  materials  were  also  measured  and  compared  with 
calculations. 

Lithiuiii  hydride  and  tungsten  were  ultimately  selected  as  snield 
materials  in  the  SNAP  program,  lithium  hydride  because  of  its  lignt 
weignt  and  good  neutron  attenuation  character iscics  and  tungsten 
oecause  it  is  a gooo  gamma-ray  shield  and  was  believed  to  have  a low 
production  of  secondary  gamma  rays  due  to  neutron  capture.  (It  should 
oe  noted  that  while  these  choices  were  rational  for  the  SNAP  program, 
they  are  not  necessarily  tne  best  choices  for  the  current  shielding  of 
space  power  reactor  systems.  Lithium  hydride  can  experience  hydrogen 
loss  due  to  tne  effects  of  temperature  and  radiation,  and  tungsten  is 
heavy  and  may  not  really  represent  a minimum  secondary  gamma-ray 
source. ) 

In  ttie  SNAP  shield  designs,  the  lithium  hyuride  and  tungsten  were 
often  arranged  in  l>>-r»inated  layers  for  increased  efficiency.  The 
analytical  techniques  used  to  carry  out  the  designs  included 
one-dimensional  discrete  ordinates  radiation  transport  calculations 
that  optimized  the  thickness  (weight)  of  tne  individual  snield  layers 
and  also  f-air  placement  within  the  shields.  The  techniques  also 
induced  two-dimensional  discrete  ordinates  calculations  to  "shape" 
the  shield  layers  and  configurations,  plus  coupled  two-dimensional 
discrete  ordinates  and  three-dimensional  Monte  Carlo  calculations  to 
investigate  effects  such  a radiation  streaming  througn  pipes  and 
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crevices  in  the  shields.  These  same  techniques  were  also  applied  in 
several  other  shielding  studies  for  space  power  systems  (cingle  et  al., 
1971a, b)  . 


CURRENT  ANALYTIC  CAPABILITY  FOR  SPACE  REACTOR  SHIELD  DESION 

The  analytic  capaoility  ueveloped  for  tne  earlier  programs  is 
appiicaoie  co  current  space  power  reactor  shield  programs.  Several 
examples  follow  to  illustrate  now  tne  various  available  methods  have 
been  used — in  these  cases  to  optimize  and  siiape  the  bottom  and  side 
shields  for  a 4bO-KW(t)  space  reactor  (Engle  et  al.,  l971b) . 


Bottom  Shield  Optimization 

Tu.-^  one-dimensional  optimization  techniques,  wnich  are  single  and  have 
resulted  in  JO-  to  bO-percef.t  weight  savings  in  earlier  applications, 
were  used  to  determine  che  required  tnicRnesses  and  locations  of 
lithium  nydride  and  tungsten  layers  in  a two-cycie  bottom  shield  (tne 
shield  between  the  core  <nd  the  payloaa) . The  results  are  shown  in 
Figure  1,  wnere  tne  thicknesses  and  locations  of  the  successive  shield 
layers  are  inuicatea  for  various  dose-rate  constraints.  The  inner 
surface  of  tne  shield  begins  at  a rauius  of  IB  cm. 

For  a aose-rate  constraint  of  10-mrem/h  at  200  ft  from  the  reactor 
center,  the  first  tungsten  layer  of  the  bottom  shield  would  have  to  be 
about  ben  thick,  the  first  lithium  hydride  layer  approximately  20  cm 
thicK,  the  second  tungsten  layer  about  8 cm  tnick,  and  tne  second 
Litnum  ryaride  layer  slightly  over  40  cm  thick.  The  overall  shield 
taickness  would  be  about  79  cm.  it  a more  stringent  dose-rate 
requirement  of  1 mrem/h  were  mandated,  the  first  tungsten  layer  would 
have  to  be  increased  to  about  14  cm  ana  tne  second  tungsten  layer  to 
approximately  10  cm.  Tne  first  lithium  nydride  layer  would  remain  at 
tne  same  thickness  as  for  tne  lo-rarem/h  dose  constraint  level,  but  the 
second  lithium  hydride  layer  would  have  to  be  increased  by  about  5 
cm.  In  this  case  the  total  snield  thickness  would  be  about  94  cm. 

The  dirterence  in  weights  of  the  two  shields  would  be  propoitionately 
greater  than  the  differences  in  their  total  thicknesses  owing  to  the 
large  increases  in  tne  heavy  tungsten  layers.  Diagrams  such  as  Figure 
1 can  be  constructed  for  multicycle  shields  anu  then  used  in 
conjunction  with  specific  design  constraints  as  a oasis  for  initial 
shield  configurations. 


Side  Shield  Optimization 

Figure  2 gives  similar  optimization  results  for  a single-cycle  side 
shield  of  tungsten  and  litnium  hydride.  Note  that  nere  tne  dose-rate 
constraint  levels  extend  from  1 rem/h  up  to  100  rem/h  at  a distance  of 
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lOU  £t  from  the  reactor  cente*'.  (Since  the  Hide  shield  does  not 
protect  the  payload,  the  constraints  for  the  sioe  shield  are  normally 
less  stringent  than  those  for  tne  bottom  shield.) 

For  tne  single-cycle  side  shield  configuration  to  meet  the  1-rem/h 
constraint  requires  approximately  4!>  cm  of  tungsten  and  about  60  cm  of 
lithium  hydride.  If,  however,  a 10-rera/h  dose-rate  constraint  were 
specified,  only  5 cm  of  tungsten  and  about  52  cm  of  lithium  hydride 
would  be  required.  further  relaxation  of  the  uose-rate  constraint 
to  20  rem/h  would  allow  the  tungsten  layer  to  be  eliminated 
altogether,  and  increasing  tne  constraint  level  from  20  to  100  rem/n 
would  decrease  the  reniaining  lithium  hydride  layer  from  about  50  cm  to 
approximately  28  cm.  Shield  layer  decreases  sucn  as  tnose  illustraceo 
nere,  and  even  tne  presence  or  absence  of  a given  layer,  are 
determined  automatically  by  tne  optimization  cooe  as  it  strives  to 
meet  the  dose-rate  constraint. 


Shield  Snaping 

Tne  next  step  was  to  snape  tne  layered  shields  around  the  reactor. 

This  was  done  by  calculating  isodose  contours  with  a two-dimensional 
discrete  ordinates  transport  code.  In  a multilayered  snield,  the 
neutron  sniela  material  outer  boundary  is  shaper:  to  follow  the  neutron 
isodose  contour,  and  tne  gamma-ray  shield  material  is  shaped  to  follow 
the  gamma-ray  isodose  contour.  Tne  dose  rates  resulting  from  the 
revised  shield  configuration  are  then  calculated  to  checK  the  results 
of  the  snielding  shaping.  This  tecnnique,  wnich  nas  resulted  in  10- 
to  20-percent  weight  savings,  is  illustrated  in  Figures  3-6. 

Figure  3 snows  a preliminary  asymmetric  reactor-shield 
configuration,  including  the  heat-pipe  region  located  directly  above 
the  core.  In  tnis  case,  tne  spacecraft  is  to  be  manned,  and  the 
dose-rate  constraint  for  the  bottom  shield  (between  the  reactor  and 
tne  payload)  is  a factor  of  100  lower  than  that  for  the  top  and  slue 
shields,  which  are  required  only  for  approaches  and  docking 
maneuvers.  Tne  oottoro  anu  side  snields  consisr.  of  a three-cycle 
system  of  tungsten  and  lithium  hydride,  but  toward  the  top  the  shield 
decreases  to  a two-cycie  system. 

Figure  4 shows  the  neutron  isoaose  contours  calculated  for  this 
preliminary  shield.  Note  that  the  dose  levels  at  the  top  are 
approximately  lO^  mrem/n,  wnile  tnose  near  the  bottom  are  lO^ 
mrem/n,  meeting  the  requirement  of  a f actor-of-iOO  difference. 

Snaping  was  done  along  the  10^-ratem/n  contour  line  ror  tne  outer 
lithium  nydride  snield  in  tne  bottom  area. 

Figure  5 shows  the  corresponding  isodose  contours  for  gamma  rays. 
Note  that  nere  the  isodose  lines  are  very  close  together  within  the 
tungsten  sniela  layers.  The  outer  tungsten  layer  was  shapeu  at  aoout 
the  lO^-mrem/n  contour  line  for  the  vertical  portion  of  tne  snieio 
directly  opposite  the  core. 
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The  final  shape-optimized  shield  configuration  is  shown  in  Figure 
6.  The  savings  in  weight  for  this  shield  compared  to  that  of  tne 
shield  Shown  in  Figure  3 is  approximately  10  percent. 


CUKKbNT  CAPABILITY  FOR  LESIGN-CONFIRMaTION  EXPERIMENTS 

Integral  experiments  are  required  c.o  verify  the  analytical  methods  and 
data  used  for  snieid  design  and  also  to  validate  the  final  prototypic 
shield  designs.  Such  experiments  nave  been  performed  for  many 
Shielding  programs,  including  the  earlier  SNAP  Shielding  programs,  at 
tne  ORNL  Tower  Shielding  Facility.  The  TSF,  shown  in  Figure  7,  nas  a 
large  experimental  area  and  is  located  at  a remote  site,  so  that  large 
and  con^lex  experimental  shield  configurations  can  be  accommodated. 

The  four  large  towers  shown  in  Figure  7 were  originally  constructed  so 
that  a reactor  could  oe  hoisted  into  the  air  to  provide  a radiation 
source  for  measurements  related  to  the  Aircraft  Nuclear  Propulsion 
(ANP)  program.  The  reactor  now  sets  on  a large  concrete  pad  beneath 
the  near  towers  anu  is  enclosed  by  a concrete  structure.  The  staff 
for  this  fi'cility  has  many  years  of  experience  in  performing  shielding 
experiments,  ana  the  instrumentation  used  for  shielding  msasuroitsnts 
has  oeen  wc^lI  validated  through  experience.  The  experiments  are 
aesigned  tc  exploit  state-of-the-art  shielding  anaxysis  capabilities. 

Two  different  reactors  are  available  at  the  TST.  Tne  Tower 
Shielding  Reactor  II  (TSR-II)  is  used  for  measurements  to  determine 
the  adequacy  of  cross  section  data  used  in  calculations  of  neutron  and 
ganutia-ray  transport  and  secondary  gamma-ray  production.  Experiments 
with  fhe  TSK-II  can  also  be  used  to  verify  techniques  for  calculating 
radiation  streaming  through  sniela  penetrations,  as  well  as  shield 
weight  and  shape  optimization  techniques.  The  second  reactor,  a 
moaified  SNAP  reactor,  is  used  to  verify  shield  designs. 


The  Tower  Shielding  Reactor  II  (TSR-II) 

Tne  TSR-II  is  a spherically  shaped  reactor  tnat  operates  at  powers  up 
to  1 MW(t) . Tne  high  thermal  power  of  this  reactor  allows  neutron 
measurements  of  up  to  eight  orders  of  magnitude  reauctioti  in  fiuence 
levels,  which  should  cover  the  range  of  interest  for  space  power 
applications. 

Figure  B shows  tne  configuration  of  a shield  tnat  has  been  measurea 
wi tn  the  TSR-II  as  the  radiation  source.  This  particular  test  was  for 
a gas-cooled  fast  reactor,  and  the  first  few  layers  of  iron,  aluminum, 
ana  boral  comprised  a spectrum  modifier  (to  modify  the  spectrum  of 
neucrons  leaking  from  the  TSR-II  to  simulate  the  spectrum  of  neutrons 
that  would  emerge  from  the  core  of  a fast  reactor) . The  uranium  oxide 
following  the  spectrum  uodifer  simulated  the  radial  bianxet  for  the 
gas-cooled  reactor,  and  the  graphite,  boronated  graphite,  and 
stainless  steel  sections  represunted  a prospective  snieldinq 
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configuration.  This  figure  indicates  the  deep  neutron  penetration  in 
large  dose  attenuation  type  of  measurements  tnat  caa  be  performed  with 
the  TSK-11.  It  also  indicates  the  modular  natures  of  these 
experiments;  each  piece  of  ths  shield  can  be  added  individually,  thus 
allowing  measurements  to  be  made  at  intermediate  positions  throughout 
the  olanket  and  shield  for  comparision  with  calculations. 


Modified  SNAP  Reactor 

The  modified  SNAP  reactor  available  at  the  TSF  is  basically  a SNAP-lOA 
reactor  with  a SNAP-lOA  reflector  assembly  and  a SNAP-2  snield  (see 
Figures  9 and  10).  This  reactor  is  rated  for  10  kM(t)  and  uses  highly 
enric-iw:*  uranium  in  zirconium  hydride  fuel.  It  has  a beryllium 
reflector  with  foi'r  control  drum  cutouts  and  uses  NaK  coclant.  The 
top  plenum  has  fin  tubes  to  provide  increased  cooling.  The  horizontal 
section  through  che  core  (Figure  10)  shows  the  coarse  and  fine  control 
drums  on  tne  four  corners  of  the  reactor  housing  surrounding  the 
central  core. 

The  reactor's  lithium  hydride  shield  contains  internal  struts  to 
provide  increased  stability,  and  the  switcnes  and  wiring  are  rated  for 
hign-temperature  operation.  As  indicated  in  Figure  9,  other 
experimental  shields  (presumably  prototype  shields  for  specific 
reactor  applications)  could  be  substituted  for  th<?  lithium  hydride 
snield.  This  reactor  has  had  a very  low  ournup,  so  that  most  of  the 
core's  lifetime  is  still  available. 


PROPOSED  SPACE  REACTOR  SHIELDING  PROGRAMS 

It  IS  important  that  further  development  of  a shielding  technology  for 
space  power  systems  begin  with  a generic  shielding  program.  Of 
course,  as  designs  are  conceived,  a technology  for  prototype  snieids 
would  also  develop. 


Generic  Shielding  Program 

The  generic  program  would  examine  a set  of  verified  methods  and  data 
for  application  to  various  design  projects.  Prospective  shielding 
materials  would  oe  examin'  i for  tneir  shielding  effectiveness,  both 
singly  and  in  laminated  configurations,  and  they  would  be  classified 
by  size  and  weight  considerations,  as  well  as  availability  and  cost. 
Promising  materials  would  be  tested  for  their  stability  when  exposed 
to  high  temperatures  and  high  radiation  levels.  They  would  also  be 
tested,  in  appropriate  structural  configurations,  for  shock  resistance 
to  simulated  launch  conditions. 

The  generic  prograii>  would  also  include  a study  of  geometric 
shielding  effects.  Radiation  streaming  through  penetrations  in  the 
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•ni«id  «iouid  b«  exaBincd  as  a function  of  tha  sizss  and  nunbsc  of 
penetrations  and  of  shield  thickness.  In  addition,  reflection  frost 
”out-of -shadow  conponents"  would  be  exanined  to  decerniine  the  effect 
of  placing  structural  meabers  outside  the  shield  snadow  on  the  aose 
received  by  the  payload  or  crew  behind  tne  shield. 


Prototypic  Snieiding  Prograas 

A prototypic  shielaing  technology  progran  is  needeo  for  each  project. 
Tne  shield  composition  and  configuration  uust  be  selected  to  meet 
project-specific  requirements,  and  the  shield  design  must  be  analyzea 
and  optimized  in  order  to  meet  project  dose-race  constraints.  Where 
feasible,  radiation  fiuence  levels  and  energy  distributions  should  be 
measured  for  each  prototypic  shield  configuration.  Analysis  will  be 
used  to  verify  fiuence  levels  in  important  positions  in  the  shield 
configuration  where  measurements  cannot  be  taken.  The  amount  or 
effort  required  for  a specific  project  will  depend  on  the  amount  of 
work  done  in  the  generic  program  and  on  prototypic  work  done  for 
earlier  projects. 


SUMMARY 

Space  power  reactor  systems  require  shielding  to  protect  payload  and 
reactor  shielding  components,  and  also  maintenance  and  operating 
personnel.  Shield  composition,  size,  and  shape  are  inqportant  design 
considerations  since  the  shield  can  dominate  the  overall  weight  or  the 
system.  Techniques  for  space  reactor  shield  design  analysis  and 
optimization  and  experimental  test  lacilities  are  avaiiaoie  for  design 
verification.  With  these  tools,  a shielding  technology  in  support  of 
current  and  future  space  power  reactor  systems  can  be  deveiopeo. 
Efforts  in  this  direction  should  begin  with  a generic  shielding 
program  to  provide  information  on  materials  properties  and  geometric 
effects  and  snoiild  be  followed  by  project-specific  shielding  programs 
to  provide  design  optimization  and  prototype  snieia  verification. 
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FIGURE  2 Minlnum  thicknesses  of  tungsten  and  lithium  hydride  layeid 
in  a one-cycle  shield  as  a function  of  the  dose  rate  at  a distance  of 
100  ft  from  a 450-kW(t)  reactor. 
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FIGURE  7 The  Tower  Shielding  Facility  at  Oak  Ridge  National 
Laboratory. 
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CONCEPTUAL  DESJ.GNS  FOR  100-MEGAWATT  SPACE  RADIATORS 


F.  C.  Prenger  and  J.  A.  Sullivan 
Los  Alamos  National  Laboratory 
Los  Alamos,  New  Mexico  87545 


ABSTRACT 

A description  and  comparison  of  heat  rejection  systems  for 
multimegawatt  space-based  power  supplies  is  given.  Current  concepts 
are  described,  and  through  a common  performance  parametet  these  are 
compared  with  three  advanced  i.adiator  concepti^.  The  comparison  is 
based  on  a power  system  that  rejects  100  MW  of  heat  while  generating 
10  MW  of  electrical  power. 


INTRODUCTION 

Recently,  increasing  attention  has  been  arawn  to  the  imports. ice  of 
compact  space  power  supplies  in  the  successful  pursuit  of  the  space 
resource  (Angelo  and  buden,  1982) . Tnis  resource  has  been  identified 
as  the  deployment  of  military  systems,  extraterrestrial  materials 
processing,  creation  of  permanent  space  nabitats,  and  planetary 
exploration.  Attaiiunent  of  these  goals  will  require  power  sources  in 
tne  multimegawatt  range  and  larger.  With  power  supplies  in  this  sir.e 
range,  the  heat  rejection  subsystem  becomes  the  largest  and  heaviest 
component  of  the  lystem.  For  this  reason,  new  designs  for  large  space 
heat  rejection  systems  are  needed. 

As  a basis  for  comparing  various  heat  rejection  systems,  a oaseline 
performance  requirement  wati  aeiined.  In  support  of  a lO-MW(e)  power 
system,  a lOO-MW(t)  heat  rejection  subsystem  is  assumed  to  be 
required.  Consistent  with  this  conversion  efficiency  is  a heat 
rejection  temperature  of  1000  K.  In  addition  to  these  performance 
requirements,  the  heat  rejection  suosystem  must  be  capable  of  being 
transported  into  space  either  as  a aeployable  unit  or  as  modularized 
subunits  that  are  assemoled  in  space. 

Several  advanced  radiator  design  concepts  are  presented,  beginning 
with  the  most  technically  feasioie  system,  a heat  pipe  radiator. 

Other  concepts  are  presented  that  are  more  compact  and  lighter  but  are 
based  on  less  well  developed  technologies.  Finally,  a performance 
parameter  is  defined  that  provides  a means  of  comparing  tne  various 
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systems  discussed.  The  concepts  are  divided  into  two  categories, 
those  that  have  been  proposed  previously  ''.nd  new  radiator  designs  that 
are  in  the  very  early  stages  of  definition. 


PRESENT  CONCEPL 

Conventional  space  radiator  designs  (MacKa^  *'<.  employ  fin-tube 
geometries  (Figure  la)  . The  coolant,  usuai^j  ..  xiquid,  is  pumped  in  a 
circuitous  patn  tnrough  tubes  t lat  are  connected  to  high  thermal 
conductivity  panels  that  act  as  fins  or  excendea  heat  transfer 
surfaces.  Fin-tube  radiutora  are  neavy  because  of  the  need  for 
meteoroid  protection  around  all  of  the  tubing,  but  tney  have  proven  to 
be  reliable.  A significant  improvement  in  performance  can  be  achieved 
by  utilizing  heat  pipes  as  isothermal  fins  (Figure  lb).  However,  the 
need  for  meteoroid  protection  remains,  and  the  resulting  weight 
savings  is  small. 


Heat  Pipe  Radiators 

Several  radiator  concepts  using  numerous,  redundant  heat  pipes  as  fins 
have  been  proposed  (Werner  and  Carleou,  i968,  1977)  and  built  (Werner 
and  Carlsou,  1975).  The^-'  systems  utilize  neat  pipes  connected  to  a 
central  manifold  containirg  a circulating  coolant.  The  larger  number 
of  fin  h«at  pipes  eliminates  the  need  for  individual  meteoroid 
protection  on  each  heat  pipe  because  the  system  is  sized  to 
accommodate  a nominal  loss  of  heat  pipes  due  to  meteoroid 
penetration.  In  addition,  because  of  tne  nearly  isothermal 
performance  of  the  fins,  their  lengtns  can  be  increased,  thus  reducing 
the  required  manifold  tubing  that  must  have  meteoroid  protection. 

This  configuration,  shown  schematically  in  Figure  2,  results  in  a 
significant  weight  reduction  compared  witn  the  conventional  designs 
shown  in  Figure  1. 

Botn  the  conventional  and  the  heat  pipe  radiators  form  a stationary 
structure  that  acts  as  the  principal  radiating  surface  for  heat 
rejection.  The  next  two  systems  to  be  discussed  utilize  a moving  heat 
rejection  surface. 


Moving  Belt  Radiators 

Tne  moving  belt  radiator  system  consists  of  a moving  heat  transfer 
surface,  a portion  of  which  is  in  continuous  contact  with  tne  reject 
heat  source.  Two  exan^le  configurations  (Weatherston  and  Smith,  1960, 
Scnuerch  and  Roobins,  1964)  are  snown  in  Figures  Ja  and  3b.  Both 
configurations  require  good  thermal  contact  between  the  moving  belt 
and  tne  heated  roller.  The  temperature  drop  across  this  interface  at 
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tiigh  power  levels  could  be  signi£iCv.nt,  resulting  in  a S(  ver(> 
performance  penalty. 

Another  concept  (Uedgepetn,  1978)  employing  direct  contact  oetween 
the  working  fluid  and  the  moving  belt  is  shown  in  Figure  4.  In  this 
configuration,  the  contact  resistance  is  eliminated;  however,  the 
system  requires  a seal  where  the  belt  enters  and  exits  the 
liquid-metal  heat  excnanger.  Development  of  a satisfactory  seal  for 
the  proposed  operating  conditions  requires  a substantial  advance  in 
seal  technology  and  design.  Table  1 snows  the  parameters  for  a moving 
belt  radiator  with  a lOU-MW(t)  capacity.  The  moving  belt  radiator 
combines  a large  radiating  area  with  a dep^oyaole  structure. 


Particle  Kadiators 

A second  type  of  moving  surface  radiator  is  tne  soiid-particle  or 
liquid-dropiet  radiator  (Mattick  and  Uertzberg,  1980).  ‘>'he  system  is 

shown  schematically  in  Figure  5.  Micron-sio.  ’ *rticies  are  neatea  in 
a direct  contact  heat  exchanger  (Bruckner  and  Hertzberg,  1982).  The 
particles  are  then  ejected  to  space  from  a "pitchei"  and  collected  in 
a "catcher.”  The  duration  of  the.  trajectory  is  specified  such  that 
the  proper  aunount  of  heat  is  rejected  £ *om  the  particles  to  space. 

The  particles  are  then  reneated,  with  subsequent  release  by  the 
"pitcher”  in  a continuous  cycle.  The  density  and  size  or  tne  particle 
stream  is  selected  to  optimize  the  radiant  heat  transfer.  The 
particle  trajectory  is  determined  by  the  direction  and  momentum 
imparted  by  the  "pitcher."  This  radiator  system  takes  advantage  of 
the  large  surface  area  to  volume  ratio  of  small  particles. 

A variation  of  the  dust  particle  r.idiator  is  the  liquid-aroplet 
radiator,  wnere  liquid  instead  of  solid  particles  are  used.  It  nas 
further  been  suggested  that  latent  heats  of  fusion  be  utilized  in  the 
heat  rejection  system  by  letting  the  liquid  droplets  solidify  in 
transit.  For  the  liquid  system  a droplet  generator  (Figure  6a)  and  a 
liquid  collector  (Figure  6b)  are  required.  The  tecnnique  of 
generating  the  droplets  has  been  demonstrated  with  the  development  of 
high-speed  printers  (Kuhn  and  Myers,  1979)  in  the  computing  industry. 
Because  or  the  zero-gravity  environment,  the  collector  must  en^ploy  a 
collection  scneme,  sucn  as  a spinning  drum  with  a pump  to  recirculate 
tne  radiator  working  fluid.  The  generator  of  artificial  gravity  for 
the  collector  introduces  additional  complexity  and  increases  the 
radiator  mass.  In  addition,  creating  a high-emissivity  surface  on  the 
liquid  droplet  is  a problem  requiring  further  deveiopuer.t.  Table  2 
shows  the  physical  parameters  for  a liquid-droplet  radiator  capable  of 
rejecting  100-HW.  Because  of  the  large  droplet  pathlengths  required, 
the  structural  weight  of  the  liquid-droplet  generator/collector  system 
is  significant,  which  detracts  from  the  weight  savings  inherent  to 
this  concept.  In  the  following  section  several  additional  proposed 
hign-potertial  heat  rejection  systems  are  described. 
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TAbLE  1 Physical  Parameters  of  Direct  Contact  Belt  Radiator 


Heat  rejection  temperature 

(MW) 

lot 

Belt  material 

Graphite  bonded  to  steel 

Belt  width  (m) 

11.6 

Beit  length  (m) 

131 

Beit  velocity  (m/s) 

15.2 

Drum  diameter  (m) 

0.!^ 

Total  mass  (belt  and  drum) 

(kg) 

7,260 

Belt  temperature  (K) 

560 

TABLE  2 Physical  Characteristics  of  Liquid-Droplet  Radiator 


Materiel 

Tin  droplec 

Droplet  diameter  ( fia) 

.^0 

Droplet  enissivity 

0.1 

Droplet  transit  time  (s) 

3.45 

Droplet  temperature  (K) 

400 

Sheet  length  (m) 

58 

Sheet  height  (m) 

24 

Droplet  sheet  thickness  (cm) 

4.8 

Collector  diameter  (m) 

1 

Droplet  spacing  (Mm) 

250 

M/Q  (kg/kWi 

0.017 

PROPOSED  CONCEPTS 

Electrostatic  Thermal  Energy  Radiator 

Tne  electrostatic  thermal  radiator  (ETHER)  is  a new  concept  (data 
supplied  oy  R.  Uoeberling,  Group  AT-5«  Los  Alamos  National 
Laboratory) , which  offers  the  promise  of  lower  weignt  than  the 
pitcner/catcner  liquid-droplet  radiator.  The  concept  is  shown 
schematically  in  Figure  7.  Tne  working  medium  is  a liquid  uetai  such 
as  tint  which  is  formed  into  small  (50- M m-diamcter)  droplets  and 
subsequently  cnarged  to  10~^^-10~^^C  (coulombs) . The  droplets, 
which  are  formed  into  a ciosely  spaced  (250- Mm  spacing)  train,  are 
ejected  from  the  power  system  into  space.  Owing  to  an  applied  charge 
on  the  spacecraft  that  is  opposite  the  droplet  charge,  the  droplets 
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will  execute  a slightly  elliptical  orbit.  It  the  ejection  velocity  is 
less  tnan  tne  escape  velocity  tor  the  applieu  spacecratt  charge,  the 
: article  8tr*!am  w<>i  £r>r.o  i closed  orbit.  Thus  che  collector  for  the 
particles  can  be  located  cn  the  spacecraft  proper.  This  arrangement 
offers  tne  promise  of  being  lighter  than  an  uncharged  s^'stem  because 
tne  Doom  and  fluid  channels  necessary  to  support  a mote  collector  are 
eliminated.  During  tne  orbit,  each  droplet  radiates  heat  to  outer 
spac3.  In  this  neat  rejection  system,  the  time  in  orbit  can  be 
coi.trolled  by  controlling  one  electrostatic  potential  between  che 
droplets  and  the  spacecraft.  Another  significant  feature  of  this  type 
of  radiator  is  tne  possibility  of  charging  the  payload  section  of  the 
spacecraft  the  same  as  the  droplets  to  avoid  contamination.  A 
possAble  configuration  tor  the  system  is  shown  in  Figure  8. 

Table  3 lists  a typical  set  of  parameters  for  cite  liTUKR  radiator 
for  IOC  MW  of  heat  rejection. 


Rotating  Balloon  Radiators 

Tne  rotating  balloon  radiator  concept  (data  supplied  by  D.  R.  Koenig, 
Group  0-13,  Los  Alamos  National  Laboratory)  is  one  wherein  a large 
radiator  surface  area  is  achieved  by  employing  thin,  lightv;eight 
macerials  sucn  as  grapnite  fiber  oonded  to  sceel  in  rotating  radiator 
structures.  One  such  syscem  is  shown  schematically  in  Figure  9,  and 
another  embodiment  is  shown  in  Figure  10.  In  these  concepts,  liquid 
or  vapor  is  ducted  to  the  heat  rejection  surface  by  a central  duct 
that  r.lso  serves  as  support.  When  the  neac  transfer  fluid  is  liquid, 
it  ia  sprayed  onto  che  rotating  surfa';e;  when  it  is  vapor,  it 
condenses  on  tne  surface.  Radiation  to  space  cools  the  liquid  as  it 
is  forced  by  the  rotational  body  forces  to  flow  to  tne  outer 
extremities  of  tne  radiator,  where  liquid  puiups  are  located.  This 
concept  offers  the  possibility  of  a light  and  flexible  envelope 
structure  chat  could  be  folded  for  launch.  A second  advantage  is  the 
ability  to  control  the  emissivity  of  tne  outer  surface  through  the 
application  of  high-emissivity  coatings.  A cxsadvantage  is  the 
suceptibility  to  meteorite  damage;  however,  it  is  not.  clear  how  much 
damage  would  oe  required  to  render  this  system  inoperable. 

For  comparison  to  the  previous  concepts,.  Taole  4 gives  a set  of 
calculated  performance  parameters  for  che  rotating  sphere  radiator  tor 
lOO-MW(t)  heat  rejection.  An  estimate  of  the  mass  of  a rotating 
sphere  radiator  is  presented  in  Table  5. 


Filament  Space  Radiator  Concept 

Tne  filament  radiator  concept  discussed  here  (data  supplied  by  M.  a. 
Merrigan,  Group  u-13,  Los  Alamos  National  Laboratory)  is  one  wherein  a 
continuous  filament  of  a viscous  material  such  as  glass  is  drawn  from 
a not  pool  and  caused  to  execute  a trajectory  in  space  prior  to 


TABLE  3 Parameters  for  a iOO-MW(t)  Electrostatic  Thermal 
Radiator 


Droplet  material  Tin 

Inicial  temperature  (K)  lOOO 

Droplet  diameter  (Mm)  50 

Droplet  spacing  ( Mm)  250 

Droplet  round-trip  time  (s)  4 

Power  station  potential  (kV)  450 

Droplet  mass  (Kg)  4.3  x 10**-^^ 

Droplet  initial  velocity  (m/s)  lO 


TABLE  4 Rotating  Sphere  Typical  Parameters 


Thermal  power  (MW) 

Average  rejection  temperature  (K) 
Surface  eroissivity 
Working  fluid 
Envelope  materials 

Total  radiating  area  (m^) 

Sphere  diameter  (m) 

Liquid  flow  rate  (kg/s) 

Average  film  thickhess  (laminar  flow) 
Fluid  velocity  at  periphery  (iq/s) 
Rotatioh  frequency  (rpm) 

Centrifugal  acceleration  on  periphery 
Sodium  vapor  pressure  (Pa) 

Hoop  stress  (Pa) 

Delta  P pumps  (Pa) 

Punning  power  (kW) 


100 

1000 

0.8 

^odium  vapor 

0.25-mm  carbon  cloth  bonded 
to  0.55-mn.  stainless  steel 
foil 
2,200 
26 
24 

(mm)  0.5 

0.41 

10 

(g)  3.6 

0.19  X 105  (2.8  psi) 

5.000  X 10^  (73,000  psi) 

1.1  X 10^  (16  psi) 

3.4 


returning  to  the  spacecraft.  The  concept  is  one  of  a continuously 
renewaole  belt  composed  of'  a large  number  of  very  small  (lo-^m- 
diameter)  filaments.  A schematic  of  such  a heat  rejection  system  is 
Shown  in  Figure  11. 

The  generation  of  small  filaments  gives  a large  uurrace  area  to 
volume  ratio  for  this  concept.  As  in  the  charged  droplet  concept,  the 


TABi.E  5 Motatipg  Balicmn  Kadiator  Mass  Sunntary  (kg  unless 
otherwise  noted) 


Condensing 

Vapor 

Liquid 

Enve lope 

2,200 

2,200 

Liquid  fi>m 

770 

l,b90 

Liquid  0.1  periphery 

2i0 

1,150 

Return  pipe  with  liquid 

ittO 

1,620 

Center  shaft 

400 

diO 

Pumps 

5C 

500 

Drive  motor 

30 

50 

Structure  (1C%) 

390 

800 

Total 

4,270 

8,820 

Specific  mass  (kg/kw) 

0.04 

0.09 

material  exit  and  return  points  can  be  colocated  on  the  spacecraft 
insteau  of  at  the  opposite  ends  of  a long  boom.  The  concept  offers 
the  promise  of  low  mass  loss,  although  some  problems  with  filamehi. 
breakage  need  resolution.  7ne  physics  governing  the  heat  rejection 
for  til-  filament  radiator  are  very  similar  to  those  governing  the 
liguiu-dropiet  syst«us.  Table  b gives  a list  of  typical  performance 
parameters  for  lOO  MW  of  neat  rejection  with  a filament  radi»*")r.  An 
estimate  of  the  mass  of  a filament  radiator  system  is  snown  i..  Table  7. 


SPACK  R^DIATOR  PERFORMANCE 

To  mi.ke  a meaningful  comparison  of  the  various  proposed  systems,  a 
performance  parameter  based  on  radiator  mass  per  unit  of  neat 
rejection  is  proposed.  Designating  the  parameter  as  Z,  we  can  write 

« - M/Q 

Heat  rejection  from  the  radiator  surface  is  proportional  to  cue  fourth 
power  of  the  radiating  temperature, 

g ■ 2AO’*'f* 

Where  botn  sides  of  tne  surface  are  considered  active.  Then  the 
performance  parameter  is 


Z ■ li/lAatT* 
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TABLE  6 )?«rformanc«  Paranatacs  £c>c  a iOO-MM(t)  FiiaaMnt  Hadiatoi 


Total  tnacmai  capacxty  (MW)  100 

Filamant  exit  tempacatura  (K)  1000 

Filanant  >.ctucn  tanparatura  (K)  300 

Filamant  diamater  (m)  7.5 

Filamant  material  (glass) 

flow  rate  (kg/s)  140 

Filasmnt  velocity  (m/s)  100 

Transit  time  (s)  1 

Total  number  of  filaments  1.4  x 10^ 

Number  of  nozzie  oanks  required  14,000 


TABLE  7 Filament  Radiator  Concept  Escimated 
Masses  for  A lOO-MN(t)  System  (Kg) 


Filaments  140 

Melt  500 

Heat  exc  .nger  500 

Busnings  300 

Collector  50 

Total  1,490 


Z « (1,490/1  X 105)  « 1.49  x 10"2  Kg/KW. 


If  the  surface  emissivity  can  be  made  close  to  unity,  then  the  above 
equation  simplifies  to 


Z - (m/2Atr)  (1/t4 

The  first  term  in  the  above  equation  is  designated  the  temperature 
coefficient  and  given  the  symbol  C,  so  that 

Z - C/T^ 


Taoxe  8 lists  typical  values  of  C for  fin-tube,  heat  pipe,  and 
particle  ra  ^tors.  The  results  from  Table  8 are  plotted  in  Figure  L2 
along  with  data  for  proposed  radiation  systems.  Also,  data  for  the 
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TABLi£  8 Relative  Performance  of  Radiator  Types 


Fin-tube  tt.ll  x 10-i--*-  92 

Heat  pipe  1.76  x lO'^-*-  20 

Particle  6.97  x lO-*-^  7.9 


Where  C « 8.B2  x j.0^  M/A  for  the  units  indicated. 


large-power  advanced  systems  discussed  in  tne  section  on  proposed 
concepts  are  shown.  At  operating  temperatures  near  1000  K the  > 

performance  variation  between  systems  is  a factor  of  about  150  based 
on  'L.  With  such  potential  improvements  in  performance,  additional 
studies  are  nee^:d  to  determine  the  engineering  feasibility  of  the 
proposed  systems.  \ 

'B 

CONCLUSIONS 

For  space  power  systems  operating  in  the  multimegawatt  regime,  the  ^ 

heat  rejection  system  becomes  weight  controlling.  For  exaiapie,  a ~ 

lOO-MW(t)  heat  rejection  system  operating  at  1000  K would  have  a mass  i 

of  about  20,000  kg  using  neat  pipe  tecnnology.  The  radiator  mass  for 
this  example  was  taken  from  Figure  12.  The  entire  system  for  a 

lO-MW(e)  power  level  is  estimated  to  be  around  30,000  kg.  If  one  oi  I ^ 

the  advanced  technologies  could  be  developed,  the  radiator  mass  could  j 

be  reduced  to  around  2,000  kg.  Tne  total  weight  for  a lO-MW(e)  system  ' 

witn  an  advanced  radiator  would  oe  around  12,000  kg.  Potential  weight 

savings  of  this  magnitude  are  a strong  incentive  to  development  of 

advanced  space  radiators. 
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NOTATIONS 

A surface  area  of  radiating  panel. 

C temperature  coefficient. 

M mass. 

(2  heat  rejection. 

T temperature. 

surface  emissivity. 

Stefan-Boltzmann  constant. 
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FIGURE  1 Fin-tube  tadiator 
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FIGURE  4 Convection-heated  belt  radiator 


CATCHERS 


FIGURE  5 Dust  particle  radiators 
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DROPLET  GENERATOR 
(a) 


DROPLET  COLLECTOR 
(b) 


FIGURE  6 Liquid-droplet-radiator  components. 
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10  Rotating  balloon  (disk)  radiator. 
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POTENTIAL  MISSION  KiiigUIKciMENTS 
FOR  CUHFACT  NUCLEAR  REACTORS 
IN  TERRESTRIAL  AND  AERONAUTICAL  APPLICATIONS 


Preceding  page  blank 


ARMY  REQUIKiiMENTS  AS  THEY  RBLATB  TO 
POSSIBLE  USE  Of  COMPACT  REACTOR  SYSTEMS 


J.  G.  Prather 

U.S.  Department  of  the  Army 
Washington,  D.C.  20310 


1 have  been  asked  to  comment  on  the  potential  mission  requirements  for 
compact  reactors  in  the  Army.  My  comments  will  be  very  brief  because > 
so  far  as  I have  been  able  to  determine,  the  Army  has  no  potential 
mission  requirements  for  compact  nuclear  reactors. 

However,  the  Army  does  have  some  encouragement  for  others  who  may 
be  considering  the  development  of  compact  nuclear  reactors  for 
military-relatad  missions. 

ARMY  REACTOR  PROGRAM 

First,  let  me  review  tne  history  of  army  development  and  uta  of 
compact  nuclear  reactors.  The  Army  Nuclear  Power  Program  (Table  1) 
was  a Department  of  Defense/Atomic  Energy  Commission  joint  program 
(with  tne  Army  acting  as  lead  ageiicy)  for  developing  nuclear  reactors 
to  serve  military  power  needs  on  land.  Of  the  operational  plants 
shown  in  Table  1,  PM-1  was  for  the  Air  Force  (a  remote  radar  site  in 
Wyoming) , PH-3A  was  for  tne  Navy  (in  Anarctica) , and  the  other  four 
operational  units  were  for  tne  Army. 

Notice  that  four  of  the  reactors  provided  both  electricity  and 
steam  for  space  heating.  It  has  been  suggested  that  tne  Army  might, 
even  today,  have  a potential  requirement  for  developing  nuclear 
reactors  that  cojenerate.  Tne  Army  has  already  successfully  done  that. 

The  PM-2A  Reactor 

Two  of  the  reactors  are  of  special  interest.  The  PM-2A  was  the  first 
truly  portable  nuclear  power  plant  in  the  world,  based  on  the  proven 
design  of  the  SM-1  at  Port  belvoir,  the  PH-2A  provided  electricity  and 
steam  for  Camp  "Century — The  City  Under  the  Ice"-- >in  Greenland.  Cas4> 
Century,  built  by  the  U.b.  Army  Corps  of  Engineers,  was  constructed 
entirely  below  tne  ice  cap  surface.  The  modular  construction  of  the 
reactor  was  significant.  The  air-blast  coolers,  heat  exchangers, 
electrical  switchgear,  turbine  generator,  condenser,  and  control 
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TABLE  1 Suaaazy  of  Any  Nuclear  Power  Prograa 
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SOURCE:  W.  R.  Corliss,  1968,  Po%rax  Reactors  In  Small  Packages.  Washlngtcxi,  D.C.:  U.S.  Atoodc 

Energy  Conmission  Division  of  Technical  Information. 
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center  were  aounted  on  separate  skids.  Tf  t plant  was  designea  to  be 
air- transportable  an^  assesiblcd  in  the  t'ii  :d  within  90  days  of 
arrival.  (It  was  assenbled,  in  /:act,  in  77  days.)  Furtheraore,  it  was 
designed  to  be  reaoved  and  reasseabled  elsewhere.  It  was  actually 
reaovea  in  1964»  back  to  the  United  States,  where  aost  coaponents  were 
placed  in  storage  or  used  as  spares;  the  nuclear  cjre  was  used  in  the 
SM-1  rcractor  at  Fort  Belvoir. 

Ttie  PM-2A  is  of  special  interest  because  it  has  oeen  suggested  that 
the  Army  aignt,  even  today,  have  a potential  requireaent  for 
developing  a uodular  nuclear  reactor  that  couia  operate  underground  at 
some  reaote  coia&and  post.  Tt.e  Aray  has  already  successfully  done 
that,  (incidently,  the  PM-1  and  PM-3A  were  also  aodular  plants  basea 
on  the  SM-1)  . 


The  MH-IA  Reactor 

Another  Army  reactor  of  special  interest  was  tne  MH-IA,  a 10-MH 
floating  nuclear  power  plant  (Figure  i) . Mountea  in  a lioerty  snip 
whose  power  plant  nad  been  reaoved,  the  MH-IA  was  towed  to  Gatun  Laae 
in  the  Panama  Canal  Zone,  wnere  it  provided  electricity  for  several 
years  under  emergency  conditions.  It  has  been  suggestea  that  the  Arsy 
might,  even  today,  have  a potential  requirement  for  oeveioping  a 
barge-uounted  nuclear  po«rer  plant  that  could  be  towed  to  those  areas 
of  the  world  wnere  an  emergency  need  tor  electric  power  might  occur. 
The  Army  has  already  successfully  done  tfiat. 


TECHNICAL  FidASIBILITY 

The  Army  nas  demonstrated  the  technical  feasibility  of  developing 
small  nuclear  power  plants  to  serve  our  defense  neeas  for  power  on 
land.  Nevertneiess,  the  economic  disadvantages  of  actually  operating 
these  nuclear  plants  in  comparison  witn  more  conventional  means 
resulted  in  tne  eventual  decommissioning  of  all  nuclear  plants.  That 
is,  tne  job  could  be  done  just  as  well,  and  more  cheaply,  by 
non-nuclear  means. 

There  may  be  requirements  tnat  tne  Aray  now  nas,  or  soon  will  have, 
in  wnich  the  joo  cannot  be  done  just  as  well  by  some  non-nuclear  means. 


SPACE  assets 

The  Aray  has  already  begun  to  depend  upon  U.S.  satellites  for  present 
operations  ana  will  become  even  more  depenuent  in  future  years  for  tne 
prosecution  of  "Airland  Battle  2000,”  the  current  Army  doctrinal 
concept  of  now  the  Aray  will  fight  (if  caiiea  upon)  near  tne  enc'  of 
tnis  century. 
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TtlOB*  sataiiitca,  wtoicn  ara  not  Aray  asMta  and  for  whicb  tha  Aray 
baa  no  caaponaiOiiityr  naao  to  ba  both  aura  powarfui  and  aurvivabia. 
It  nay  ba  that  aK^li  nuciaar  powar  pianta — and  only  nuclaar  powar 
pianta— can  provida  tnat  aurvivaoia  powar. 


Oonaunicat iona 

Tba  Aray,  through  tha  U.S.  Aray  Sataiiita  Conaunxcatxona  Agancy,  baa 
airaady  davaiopad  and  fialdad  a fanlly  of  ground  coDmunicationa 
ayatana  that  coaaiunxcata  via  DbCS  II.  With  DSC8  II  and  MILSTAR,  it  xa 
axpactad  tnat  aataiiitaa  wxii  oparata  witn  graatar  bean  diractivity 
ana  with  nigbar  powar  danaitxas  and  witn  iioprovaa  antijcuoning 
capability.  That  will  anabla  our  Army  recaivara  and  tranaaittara  to 
ba  aaail,  nava  oaaller  antannaa,  and  nave  more  cnannela  availaoie. 


weather  Forecasting 

Tba  uatenae  Mataoroiogical  Satellite  program  is  another  operational 
system  tnat  will  be  improved  so  as  to  provide  tactical  comitandera 
tisMly  annotated  weather  naps  or  reports  for  use  in  connection  with 
tne  threat  (or  actual  use)  of  smoke,  chemical  agents,  or  nuclear 
weapons  by  the  enemy. 


Positioning 

Lmnd  navigation  and  accurate  positioning  of  botn  iriendly  forces  and 
the  enemy  have  long  been  xmperfectly  attained.  The  Global  Positioning 
System  (or  Navstar)  may  meet  many  of  our  needs. 

War-Zon^  Monitoring 

War-zone  monitoring  by  satellites  equipped  with  sensors  to  detect 
Chemical  and  nuclear  weapons  use  are  a possibility.  Grouno  terminals 
located  in  tha  war  zona  could  receive  data  from  tha  aataiiitaa 
indicating  tna  contaminated  areas  on  the  battlefield.  The  launcn  of 
tactical  and  medium-range  miasiles  from  the  enemy  second  echelon  could 
Da  detected,  and  the  missiles  might  be  trackeo. 


Readout  of  Remote  Senors 

Satellite  readout  of  remotely  implanted  battlefield  sensors  coula 
allow  location  of  second  echelon  and  reserve  forces,  or  of  chemically 
or  radiologically  contaminated  areas. 
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Mapping 

Lanasat-type  imagery  could  oe  uaeu  for  engineering  support  to  guicKly 
assess  areas  for  soil  traff icability  and  for  selection  of  routes 
tnrougn  swamps,  flooded  areas,  forests,  etc. 


Survivability 

As  the  Army  coses  to  depend  upon  tnese  space  assets  more  ana  sure,  it 
becoiaes  more  and  more  necessary  that  tnose  assets  be  there  when  they 
are  needed  and  that  they  can  oe  seen  and  neard  by  us.  Tney  need  to  be 
more  powerful  and  3am-proof,  and  aoove  all  they  need  to  oe  capable  of 
surviving  enemy  antisateilite  efiorts.  Most  U.S.  satellites  depend  un 
solar  cells  for  power.  These  cells  nay  not  provide  enough  power  for  a 
jau-proof  satellite  and  tney  may  not  oe  made  survivable  enougn. 

The  United  states  naa  a space  power  reactor  program  for  many  years, 
but  of  tne  'll.  nuclear  power  space  applications  oetween  iVbU  and  19Bu, 
only  one  was  a nuclear  reactor;  the  rest  were  radioisotope 
thermoelectric  generators.  Table  i shows  that  relatively  hign  power 
nuclear  reactors  for  space  applications  nave  been  developed,  but  tnat 
only  SNAP-lOA  nas  been  flown. 


SUMMARY 

In  summary,  the  Army  nas  successfully  dewonstrated  tnat  ss^aii  nuclear 
reactors  can  be  developed  and  used  in  military  applications  on  land. 
However,  at  the  time  each  was  decommias *oned,  continued  operation 
could  not  oe  justified  economically. 

The  Army  is,  nowever,  developing  a dependence  upon  U.S.  space 
assets  wnicn  the  Army  does  not  own.  Tne  Army  needs  those  satellites 
to  oe,  in  many  cases,  more  powerful  and,  in  ail  cases,  survivable.  It 
may  be  that  small  nuclear  power  plants  should  oe  developed  to  provide 
tnat  power. 


412 


^RAVCLUM- 
tCRCKM  ROOII 


413 
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Robert  H.  Kcida 
Naval  Air  Syatau  Co—and 
Arlington,  Virginia  i036i 
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MUCH  OF  THE  EMOTIONAL  ASPECTS  OF  THE  SAFETY  ISSUE 


NUCLEAR  PROPULSION  FOR  ADVANCEO  AIR  VEHICLES  APPEARS 
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TO  ENHANCE  THE  ROLES  OF  AOVANCEO  NAVAL  AIR  VEHICLES 
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SIZE  OF  CONVENTIONAL,  FOSSIL-FUELEO,  TURBOPROP  AIRCRAFT 
INCREASES  RAPIDLY  AS  ENDURANCE  EXCEEDS  ONE  DAY 
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NEED  FOR  IMPROVED  FUEL  EFFICIENCY  IN  BOTH  AIRCRAFT  AND 
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LOSS  OF  OVERSEAS  BASES  ANO  POLITICAL  ALIGNMENTS 

AUGMENT  SEA  LINES  OF  COMMUNICATIONS  IN  OELIVERY 
OF  RAW  MATERIALS 
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• u.  S.  CIVIL  AND  MILITARY  INTERESTS  IN  FUTURE  MAY  DEPEND 
MDRE  DN  THE  AVAILABILITY  DF  FUEL  AT  AIRFIFI  ns  Aiun 
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CONTRACTS  AT  COAL  AND  OIL  PORTS  THROUGHOUT  THE  WORLD 


OBJECTIVE:  ._TO  EXAMINE....TECHNOLOGY  NOW  BEING  DEVELOPEO_...EVALUATE 
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THESE  OBSERVATIONS  CONFIRM  WHAT  IS  GENERALLY 
ACKNOWLEDGED,  THAT  CONVENTIONAL  POWER  PLANTS  AND 
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THE  GUIDELINES  TO  OPTIMIZE  ADVANCED  AIR  VEHICLES  ARE 
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THE  FULL  EXPLOITATION  OF  THE  UNIQUE  QUALITIES  OF  VARIOUS 
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FIGURE  16  Conments  (conv.inued)  . 


NUCLhAK  POMER  fOH  nX  MiSSlLt.  ULt^  ttASlWG 


Lt.  Ooi.  J«acf  iiCC 
Aic  Force  Weapons  Laboratory 
Kirtiand  Air  Force  ttase,  New  Mexico  b7li7 


On  octooer  19H1,  tne  Presiaenv.  of  tne  Unitea  States  uisapproveu  the 
horizontal,  uuitipie  protective  sneiter  oasin^  scneme  tor  tne  MX 
missile  and  directed  tne  Air  Force  to  consider  other  basing  options. 
Tne  Air  Force  eutaolisneo  tnree  major  stuoies  to  aooress  basing  MX  in 
aircrart,  in  closely  spaced  silos  i*L>ense  PacX”) , and  in  tunnels  deep 
underground.  Tne  purpose  or  tnis  paper  is  to  discuss  tne  preliminary 
results  ot  a power  system  study  performed  by  the  Air  Force  Weapons 
Laootdtory  (AFWL) , Oax  Kioge  National  Lauoratory  (UKNLj , anu  Los 
Alasos  National  Laboratory  (LAND . This  study  is  audressing  the 
crucial  issue  of  now  nuciear  power  mignt  provide  adequate,  survivabie 
power  for  the  deep  basing  complex. 

Some  discussion  of  tne  rationale  of  the  deep  basing  concept  is 
necessary  to  understand  tne  results  of  tne  power  study.  Soviet  ICbM 
accuracy  lias  progressed  to  tne  point  tnat  our  Minuteman  missiies  are 
extreme  y vulnerable,  and  we  must  seex  extraordinary  basing  options  to 
guarantee  survivaoiiity  to  iirst  striKes.  One  metnoo  to  achieve 
survivability  is  to  place  our  missiles  at  a location  t'lat  allows 
adequate  "stano-of f ” troro  tne  eifects  of  incoming  weapons  anu  thereby 
increasej  tne  survival  probability  of  the  system.  G^ven  Soviet  CLPs 
(circular  error  probable) , the  only  way  to  acnieve  the  requisite 
stand*otf  is  oy  placing  the  missiles  deep  underground  witn  the  proper 
covering  geology  to  optimize  attenuation  or  tne  weapon- inuuceu  ground 
snocK.  Deep  basing  as  a concept  also  provides  the  ground-based  leg  of 
the  strategic  ot tensive  triad  an  enduring  secure  reserve  torce  tnat 
wc'Jld  be  lacking  in  tne  uense  Pacx  concept.  Deep  basing  would  up 

to  a one-;,  ^ar  survivability  anu  could  put  at  great  risx  Soviet 
popuiati.on  anu  industry.  It  would  provide  megatonnage  exenange  ratios 
witn  tne  Soviet  Union  at  least  lO  times  that  ot  tne  multiple 
protective  shelter  concept  (Keltner  anu  Diament;  19tt2) . 

An  illustration  ot  now  a i.*eep  basing  site  would  look  is  snown  in 
Figure  1.  Missiles,  support  facilities,  and  egress  devices  would  be 
placed  approximately  2,000  ft  under  a iarge  mesa  in  hardened  tunnels. 
Tne  complex  would  operate  in  so’ne  ways  lixe  u land-locked  submarine. 
Tnat  is,  the  facility  aust  oe  able  to  "button  up,"  support  itsext 
i..ternally  for  up  to  one  year,  and  f’naliy  egress  missiles  to  launch. 
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button-up  period  to  ensure  equipment  availabiilty,  maintain  crew 
training,  and  contuse  tne  enemy  as  to  actual  egress  tin.i'vg  (PeLars, 
iS^82)  . Our  thinking  about  the  ueep  basing  concept  centered  around  the 
squadron  as  a basic  unit.  Each  aquauron  would  have  men  and  equipment 
as  sliown  in  Figure  10. 

Power  requirements  are  obviously  very  sensitive  to  assumptions  at 
this  point.  Figure  11  is  our  estimate  of  the  power  requirement  per 
squadron  for  this  facility.  The  0.4b  is  a power  factor  to  account  for 
the  fact  that  all  power  consumption  devices  would  not  be  operational 
simultaneously.  Tne  4.b-MW  requirement  for  missile  launchers  and 
otner  TLL  equipment  is  keyed  to  tne  inclined  egress  concept.  Tnis 
requirement  is  a strong  function  c£  tne  angle  of  the  egress  tunnel. 

Tne  5-MW  total  requirement  is  significant  in  that  it  means  such  power 
concepts  as  fuel  cells  woi'ld  have  enormous  reactant  scorage 
requirements,  which  would  be  difficult  to  maks  safe  and  survivable  to 
the  assumed  weapons  threat.  This  requi  ement  is  also  significant  in 
that  it  Is  a ssiiill  reqtiirenent  for  su^'K  concepts  as  r.uclear  reactors 
and  could  probably  be  met  with  sirall,  safe,  and  relatively  simple 
reactor  concepts. 

Before  presenting  cr:;  results  of  some  of  our  studies,  soio'i 
preliminary  cavea*-.:.  are  in  order.  First,  this  paper  is  intend ?d  to 
iJlustrate  how  compact  reactors  may  be  >'se£ul  to  special  DOD 
applications,  and  not  to  advocate  deep  oasing  or  nuclear  power. 

Second,  the  Air  Force  Weapons  Laboratory  (AfVfL)  , Oak  Ridge  National 
^jUDOtAiocy  (ORNL)  , and  Los  Alamoc  National  Laboratory  (LAND  were 
':askeu  by  the  BHO  to  assess  tne  feasibility  of  nuclear  power  for  the 
deep  basing  concept.  They  could  not,  within  the  modest  scope  of  this 
study,  address  tne  best  system  or  develop  point  designs.  Much  work 
remains  to  convert  their  ideas  to  real  designs.  Third,  we  from  the 
start  assumed  that  it  would  be  impossible  or  too  expensive  to  design 
and  construct  a single  superhardened  power  facility  capable  of 
withstanding  the  expected  nuclear  weapons  environments.  We  therefore 
approached  the  study  with  the  assun^tion  that  system  survivability 
could  also  be  ootained  by  a series  of  redundant,  interconnected  power 
facilities  with  a survivable  power  distribution  network. 

An  example  of  how  tne  power  distribution  system  could  be  configured 
to  achieve  survivability  is  illustrated  in  Figure  12.  This 
"distributed  hybrid"  system,  conceived  by  Lt.  David  Peters,  AFWL, 
could  provide  the  required  power  system  survivability  (Peters,  1962) . 
The  types  of  power  plants  are  unspecified,  but  might  be  a combination 
of  nuclear  reactors  or  reactors  witn  fu^i  cell  plants.  Such 
distribution  systems  would  be  expensive,  since  very  sophisticated 
electromagnetic  pulse  (BMP)  protection  would  also  have  to  be  provided 
against  tne  large  expected  BMP  environment  even  at  2,000  ft  of  depth. 
Our  study  indicates  that  tne  distribution  system  may  be  the  most 
ditficult  pert  of  the  overall  power  survivability  question. 

Los  Alamos  National  Laboratory  was  tasked  to  address  ^ ight  water 
reactor  concepts  that  would  oe  feasible  for  the  deep  basing  power 
system.  Their  study  (Los  Alamos  National  Laboratory,  in  preparation) 
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displays  much  creative  thinking  about  survivable  light  water  reactors 
\LWK) . LAML  workers  concentrated  on  tne  following  four  LWRs,  on  the 
assuinption  that  an  early  start  date  for  the  deep  basing  system  meant 
no  new  reactor  concepts  could  be  developed: 

o Naval  reactor 

o Down-sized  commercial  reactor 

o Army  Package  Power  Reactor  (APPR) 

o Horizontal  pressure  tube  reactor. 

Naval  reactors  were  of  gre«>:'  interest  to  the  study  group,  but  since 
the  Navy  would  release  no  su:i  \v>bility  data  to  LANL,  and  since  these 
reactors  might  not  be  availarnc  cue  to  Navy  priorities,  naval  reactors 
were  not  selected  as  tne  Dasel.'.ne  design  for  the  study.  The  Army 
Package  Power  Reactor  was  found  to  be  simple,  portable,  relatively 
inexpensive  ($333  million) , and  easy  to  ouild  in  modular  plant 
concepts.  Some  of  LANL's  findings  are  included  in  Figure  13.  Figures 
14  and  15  illustrate  one  concept  to  fit  the  reactor  in  the  preset ioed 
18-ft  tunnel  and  how  such  modular  reactors  could  be  connected  to  form 
a redundant,  survivable  power  system.  From  the  results  of  this  stuuy, 
I conclude  LWRs  are  a feasible,  inexpensive  (with  regard  to  total 
life-cycle  costs)  option  to  power  deep  basing  of  missiles. 

Oak  Ridge  National  Laboratory  was  tasked  to  study  the  feasibility 
of  using  high-temperature  gas-cooled  reactors  (HTGR)  for  powering  this 
concept.  Again,  survivability  issues  led  the  study  group 
independently  to  a small,  modular,  redundant  reactor  concept.  Figure 
16  (Oak  Ridge  National  Laooratory,  in  preparation)  summarizes  the  ORNL 
findings.  Figures  17  and  18  are  schematics  of  now  tne  system  might 
look.  The  ORNL  workers  chose  a nominal  power  level  or  15  MW(e)  as 
reasonable,  trading  off  power  requirements,  redundancy,  and  cost.  A 
vertical  in-line  design  was  chosen  so  as  to  minimize  piping 
connections  (for  survivaoility)  ano  enhance  natural  circulation  for 
cooling  in  case  of  loss  of  helium  circulators.  A steel  pressure 
vessel  was  selected  in  lieu  of  a prestressed  concrete  vessel  to  allow 
the  system  to  fit  in  tne  alloteo  i8-ft  tunnel.  The  fuel  selected  was 
highly  enriclied  encased  in  6-cm-oiameter  graphite  "penbles" 

(OaK  Ridge  National  Laboratory,  in  preparation).  The  reactor  would 
consist  of  approximately  86,000  such  "pebbles,"  randomly  stacked. 

This  concept  is  very  similar  to  that  embodied  in  the  operational  AVR 
reactor  in  tne  Federal  Republic  of  Germanyy.  This  core  design  will 
enhance  survivatility  in  that  displacements  to  the  reactor  vessel  will 
not  destroy  the  core  geometry.  ORNL  has  estimated  overall  cycle 
efficiency  at  30  percent  or  greater  for  their  base-line  design.  A key 
feature  of  this  HTGR  design  is  that  it  has  such  a large  negative 
temperature  coefficient  that  the  operators  can  literally  walx  away  and 
the  reactor  will  be  safely  shut  down.  I consider  this  a key  feature 
for  a facility  subject  to  nuclear  weapons  attack.  The  ORNL  concept 
offers  great  promise  and  should  be  vigorously  pursued  if  deep  basing 
is  selected  as  a concept. 
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The  Air  Force  Weapons  Laboratory  is  participating  in  this  study  by 
addressing  the  questions  of  reactor  coof>onent  survivaoility  and  tne 
process  by  which  the  Air  Force  might  gain  approval  to  build  and 
operate  a nuclear  reactor  for  this  facility.  We  have  found  that 
little  data  exists  for  powet  cooponents  in  these  rather  severe 
environments.  From  limited  data  asscciated  with  tne  Safeguard  ABM 
System,  we  nave  tentatively  conclud<S(d  that  without  special  shock 
isolation  techniques,  almost  all  power  components  would  fail  in  these 
environments.  AFWL  has  only  scratched  the  surface  in  this  area,  and 
much  work  is  left  to  be  done. 

With  regara  to  gaining  approval  for  the  plant,  AFWL  has  begun  to 
gather  some  very  preliminary  information  on  the  process  ano  s/'ope  of 
effort  required  for  DOO  to  build  and  operate  a reactor  plant.  A 
recent  report  by  the  NUS  Corporation  (Pike  and  O'Reilly,  1982)  for  UOE 
has  graphically  illustrated  the  Impact  on  plant  construction  if  tne 
OOD  chose  to  let  the  Nuclear  Regulatory  Commission  (NRC)  license  UOb 
plants.  The  incremental  required  safety  effort  in  licensing  the  plant 
through  the  NRC  could  exceed  60  man-years  and  aad  years  to  the  plant 
availability  date.  The  NUS  Corporation  feels  that  DUD  would  be  exempt 
from  the  NKC  process  under  Section  91  of  the  Atomic  Energy  Act.  I 
feel  a more  reasonable  approval  process  for  the  Air  Force  would  be 
nodelea  on  the  naval  reactor  program,  in  which  the  Navy  provides 
safety  analysis  reports  and  asks  for  tne  NRC's  advice.  The  NRC  review 
in  that  case  is  advisory  in  nature  and  carries  no  mandatory  provisions 
(Pike  and  O'Reilly,  1982).  Tnis  process  avoids  the  problem  of  public 
meetings  on  national  security  systems. 

Another  model  may  oe  tne  Interagency  Nuclear  Safety  Review  Panel, 
which  was  established  to  review  for  the  purpose  of  approval  by  the 
President  of  the  use  of  nuclear  materials  in  the  aerospace 
environment.  This  process  is  summarized  in  an  excellent  recent 
article  by  Dr.  Gary  Bennett  (1981)  of  DOE.  A similar  panel  could  be 
formed  for  terrestrial  nuclear  power  requiring  presidential  approval 
for  construction  and  operation.  Thiii  entire  area  is  not  well  defined 
for  DOO  procedurally  and  needs  much  attention  if  OOD  is  serious  about 
terrestrial  nuclear  power. 

In  summary,  we  have  studied  compact  reactor  sources  for  a 
specialized  DOD  application,  deep  basing  of  the  MX  missile.  We  have 
concluded  that  botn  LMRs  and  BTGRs  can  meet  the  power  requirements  and 
probably  meet  the  survivability  requirements  for  the  hostile 
environments  of  this  system.  Both  types  of  reactors  will  probably  be 
eiq>loyed  in  a modular,  redundant  manner  to  enhance  survivability  of 
the  power  system.  An  enormous  amount  of  work  remains  before  DOD  can 
decide  to  really  build  a reactor  system.  A major  effort  is  needed  to 
address  reactor  component  survivability  and  approval  procedures. 
Finally,  these  studies  are  by  no  means  definitive  but  are  illustrative 
of  the  analysis  of  a potential  DOD  terrestrial  mission  for  two  reactor 
concepts.  I am  confident  we  can  make  this  technology  work  to  meet  any 
DOD  requirements  for  enduring,  survivable  power. 
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lined  egress/clustered  configuration. 
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FIGURE  3 Inclined  egress/clustered  configuration;  egress  shaft  detail. 
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FIGURE  15  Conceptual  layout  of  reactori'  and  conversion  system  for  APPR. 


BMlJe  flOnULES 


451 


FIGURE  17  Conceptuax  design  of  HTGR  primary  system 


FIGURE  18  Preliminary  HTGR  system  arrangement 
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U.S.  MparcMtnt  of  Energy 
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INTRODUCTION 

1 dm  pleased  to  open  tnis  second  se8sion«  which  focuses  on  the 
potential  mission  requirements  for  nuclear  reactors  and  alternatives 
in  space  power  and  propulsion  applications.  However*  oefore  we  Iook 
further  at  mission  requirements*  it  seeus  appropriate  to  consider  the 
outlooK  for  space  nuclear  power  development*  which  is  ay  topic  tnis 
morning.  In  ay  formal  paper*  1 describe  in  some  detail  the 
bacicground*  current  status*  and  future  thrust  of  the  space  nuclear 
power  oevelopnent  program.  (See  the  appendix  following  this  paper.) 
This  morning*  of  course*  I will  only  be  aoie  to  briefly  review  the 
major  areas  of  tne  paper. 


OVEKVISM 

Hb  snown  in  Figure  1*  a large  numoer  of  nuclear  power  systems  have 
been  successtully  used  in  space  over  tne  past  three  oecades.  Tnere 
have  been  2i  missions  iii  wnich  tne  Department  of  Defense  (DOD)  or  the 
National  Aeronautics  and  Space  Administration  (NASA)  nas  used  nuclear 
power  supplies  furnished  by  DUE  or  its  predecessors.  Cleaily*  DOE  has 
been*  and  continues  to  be*  the  governsient  organization  responsible  foi 
space  nuclear  (ower  development.  We  are  very  proud  of  our  record  in 
providing  reliaoie  ana  safe  space  nucieai  hardware  to  meet  botn 
military  and  civilian  mission  goals  in  a timely  manner. 

A summary  of  these  nuclear  missions  is  shown  in  Table  i.  The 
history  of  these  developments  is  interesting  in  its  own  rignt.  The 
engineering  developments  uuring  ana  following  Woiid  War  II  gave  rise 
to  great  advances  in  three  new  areas  of  technology:  ( i)  electronics* 

(2)  rocketry*  and  (i;  nuc<.e^r  power,  studies  in  the  late  l940s*  such 
as  the  Air  Force's  Projec  eedback*  suggested  the  merger  of  these 
technologies  for  nuclear-p<  >ared  spacecraft.  The  Atomic  Energy 
Commission  (A£C) * a predecessor  of  DOE*  initiated  a series  of  studies 
in  1951  specifically  to  address  tne  feasibility  of  powering  spacecraft 
with  nuclear  devices.  Parallel  studies  were  conducted  on  the 
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feasibility  of  using  nuclear  power  toe  tbc  propulsion  system.  CXit  of 
this  study  phase  came  several  joint  Ai£C/NAbA  and  Ac£/UOU  programs  to 
investigate  tne  use  of  nuclear  systesis  cor  power  and/or  propulsion  ot 
spacecraft.  Tne  government  nas  long  recognized  the  need  for  naving  a 
nuclear  power  capability  in  space.  Tnis  encouragement  of  nuclear 
research  and  devc-lopment  was  codified  in  tne  Atomic  Energy  Acts  of 
i!^4b  and  1^54,  as  amended,  wnicn  assigned  to  the  AbC  tne 
responsibility  to  conduct,  assist,  and  foswer  a program  of  research 
and  oe«;elopment  to  encourage  the  widespread  participation  in  tne 
development  arid  use  of  nuclear  energy.  In  tnis  way.  Congress  and  the 
President  focused  the  nation's  efforts  in  tne  nuclear  area,  defined 
tne  separation  of  powers,  and  ensured  tne  safe  control  of  the  special 
nuciear  material  needed  fur  these  research  and  development  programs. 
This  concentration  of  nuclear  responsibility  continues  with  the  Energy 
Reorganization  Act  or  1974  and  tne  Department  of  Energy  Organization 
Act  of  1977. 

from  this  farsigntea  planning  by  the  Cungress  ana  tne  executive 
branch,  DOE  and  its  predecessor  agencies  have  been  able  to  provide 
Na&a  and  UuD  witn  all  of  their  space  nuclear  power  supply  needs.  In 
carrying  out  its  charter,  a large  number  of  programs  have  been 
conducted  by  DOE  to  satisfy  various  power  ranges.  LooKing  to  the 
future.  It  is  apparent  that  a bread  range  of  power  outputs  and 
lifetimes  will  need  to  oe  considered  for  the  growing  spectrum  of 
potential  mission  needs,  whicn  are  depicted  in  Figure  2. 

Tlie  functional  missions  flown  to  date  have  required  low  power  and 
long  life,  and  these  needs  nave  oeen  met  by  using  radioisotope 
thermoelectric  generators,  or  RTGs.  As  future  power  needs  rise  to 
1 KW(e)  and  above,  the  higher  conversion  efficiencies  of  dynamic 
electric  conversion  systems  will  become  increasingly  attractive, 
mating  them  the  preferreo  power  system.  This  is  apparent  when  we 
recognise  that  conversion  efficiencies  of  15-25  percent  are  possible 
witn  dynamic  systems  compared  to  only  5-10  percent  for  thermoelectric 
systems.  In  an  effort  to  capitalize  on  this  advantage,  a ground 
prototype  system  of  tne  Dynamic  isotope  Power  System  (DIPS)  has  been 
built  and  operated  for  5,0UU  nours.  At  a power  level  of  about  10 
KW(e),  tne  increasing  inventory  of  fuel  needed  in  the  DIPS  will  make 
reactor  concepts  tne  preferred  system.  At  25-kW(e)  and  above,  reactor 
systems  become  tne  most  attractive  in  cost,  mass,  and  size  among  all 
competing  power  systems. 

Figure  J depicts  the  various  neat  source  types  and  conversion 
system  options  fur  the  power  ranges  graphically  shown  in  Figure  3.  I 
will  oe  discussing  many  of  these  with  you  this  morning,  beginning  with 
tne  RTGs. 


Radioisotope  Tne rmoe lee trie  Generators 

The  RTG  power  system  has  been  a cornerstone  of  the  space  nuclear 
prograin.  As  I am  sure  you  know,  KTGs  were  used  by  cur  astronauts  on 
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TABLL  1 bununary  of  Space  Nuclear  Power  Systems  Launched  by  tne  United 
States  (1961-1980) 
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the  lunar  surface,  with  excellent  rerults.  As  illustrated  in  Figure 
4,  they  nave  also  been  used  by  NAbA  in  various  interplanetary 
missions,  including  those  to  Jupiter,  Saturn,  ana  the  Martian  surface, 
and  they  have  bean  used  ov  UUD  for  military  applications,  lixe  LLS 
ti/9.  These  programs,  as  well  as  the  current  KT(i  programs  for  NA:>A's 
Galileo  ana  Solar  Polar  missions  illustrated  in  Figures  5 and  b,  have 
given  DOS  a great  deal  of  experience  in  maintaining  the  technical  and 
progr^uBmatlC  interlaces  w;  th  a user  agency. 

The  isotope  tner'noelectr ic  generator  program  continues  to  progress, 
as  illustrated  in  Figure  7.  Under  development  are  the  nuciear  power 
units  to  be  launched  aooard  the  NASA  Space  Shuttle  in  198b  for  the 
Galileo  and  cne  International  Solar  Polar  missions. 

Figure  8 shows  tne  progress  made  in  the  isotope  thermoelectric 
power  systems  and  the  objectives  DOb  nas  set  for  future  development. 

As  you  can  eee.  there  is  a steady  progression  in  power,  efficiency, 
and  specific  power.  The  latest  generation  of  KTG  technology 
development  for  potential  use  in  U.:>.  space  missions  beginning  in  the 
198b  time  fr^uDe  is  tne  modular  isotope  tne rmoelec trie  generator 
(MITG) . It  has  been  estimated  that  about  $45  million  and  4 years 
would  oe  required  to  complete  tne  research  and  technology  verification 
phase  of  this  advanced  KTG  systsir  featuring  modularity  and  greatly 
increaseu  specific  power. 


Dynamic  isotope  Power  Systems 

To  meet  potential  UOD  future  space  missions  forecast  in  the  1-  to 
i-XW(e)  power  range,  bOb  emoartcea  on  a ueveiopment  program  to  evaluate 
dynamic  conversion  systems  tnat  combine  a radioisotope  heat  source 
wicn  a rotating  turbine/alternator  system.  This  type  of  system, 
depicted  in  Figure  9,  can  yield  efficiences  approaching  18-25 
percent.  To  date,  pro:.otypic  equipment  has  been  operated  in  excess  of 
5,000  hours  in  a space  vacuum.  Approximately  $20  million  was  spent 
during  tne  course  of  this  program.  Tne  flexibility  of  tnis  type  or 
spac?  isotope  power  system  in  mating  witn  tne  spacecraft  is 
iliustratea  in  Figure  lu.  Tne  Nuclear  integrated  Multimission 
Spacecraft  (NIMS)  can  accommodate  four  major  identified  bOD  mission 
categories,  i.e.,  communications,  surveillance,  navigation,  and 
meteorology.  It  has  been  estimatea  that  approximately  $40  million  ana 
aoout  J years  would  be  required  to  quality  this  system  for  space 
flight. 


Space  Nuclear  Reactor  Power  Systems 

As  we  previously  discussed,  in  oroer  to  meet  higner  mission  power 
requirements,  nuclear  reactors  would  be  required.  From  the  mid-1950s 
to  1473,  the  abC  carried  out  an  active  space  reactor  power  system 
development  program  tnar.  focused  on  some  nine  concepts,  including 


o zirconiuB  nyaridc  reactors 
o iiquid-netai-cooied  reactors 
o nuclear  rocket — Huver/NKKVA 
o boiling  metal  reactors 
o gas-cooled  reactors 
o thermionic  reactors 

0 dynamic  and  static  power  conversion. 

For  brevity,  1 will  review  only  three  of  tnese,  but  a more  detailed 
discussion  can  be  found  in  my  formal  paper  (see  appendix) . 

1 am  sure  tnat  you  nave  frequently  heard  of  tne  SNAF-lOA  reactor 
tnat  was  launched  in  1965 — tne  only  U.S.  reactor  to  fly  and  the  first 
in  the  world,  but  1 am  not  sure  if  you  are  aware  of  the  fact  that  a 
duplicate  reactor  was  successfully  ground  tested  for  10,000  hours. 
This  program  was  part  of  a broader  zirconium  hydride  reactor 
development  effort,  illustrated  in  Figure  11,  which  gives  some 
perspective  of  the  extent  of  this  program. 


Rover/NhRVA 

Perhaps  tne  most  challenging  application  of  nuclear  energy  to 
spacecraft  was  the  nuclear  rocket  program.  Glenn  T.  Seaborg  sumoeu  up 
the  challenge  as  follows:  "What  we  are  attempting  to  ma'ie  is  a 

tlyable  compact  reactor,  not  mucu  bigger  than  an  office  oesk,  that 
will  produce  the  oower  of  Hoover  Dam  from  a cola  start  in  a matter  of 
minutes. " 

Tne  United  States  carried  out  an  ambitirus  research  program  from 
1955  to  197;^  aimeo  at  developing  a capability  to  use  nuclear  power  for 
rocket  propulsion,  »nd  some  16  reactor  systems  were  built  aixl 
operated.  This  program,  wnich  was  jointly  managed  by  the  Atomic 
Energy  Commiasion/Unitea  States  Air  Force  (AEC/USAl')  and  Al;C/NASA, 
demonstrated  a number  of  important  fi<:sts  in  space  nuclear 
technology:  (1)  multiple-start  capability,  (/)  peak  power  of  4,Z0U 

MW,  (3)  60-min  continuous  operation,  sufficient  for  many  space 
missions,  at  a gigawatt  power  level,  and  (4)  ability  to  start  on  its 
own  power  and  operate  stably  over  a wide  range  of  conditions.  From 
this  research  evolved  tne  Nuclear  Engine  for  Rocket  Vehicle 
Applications,  cr  NEKVA,  that  was  designed  for  use  on  a reusable 
nuclear  shuttle.  NERVA  was  to  produce  75,000  lb  of  thrust  at  a 
specific  impulse  of  U25  s — twice  the  specific  pulse  of  the  bast 
chemical  rockets.  Such  & capability  transxates  into  lar;:er  payloads 
and  snorter  flight  times.  Furthermore,  NERVA  offered  the  possibility 
of  producing  15-25  kW  of  power  for  hotel  functions  during  tne  coast 
phase  of  the  mission. 

Tne  Rover/NERVA  program  demonstrated  again  that  several  government 
agencies  can  cooperatively  work  together  to  apply  nuclear  technology 
to  spacecraft  arid  that  nuclear  power  can  provide  a quantum  leap  in 
perforisarx;e  improvement  over  more  conventional  systems. 
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Thermionic  Keactor 

In  a more  exotic  vein,  the  tnermionic  reactor  was  a concept  for 
converting  heat  to  electricity  inside  a reactor  core  using  the 
thermionic  process,  it  ca'i  cover  the  range  from  a few  Kilowatts  to 
several  megawatts  of  electric  power,  Out  the  emphasis  in  the  last 
several  years  of  activity  was  on  a 120-KW  system  suitable  for  space 
propulsion  missions. 

The  AEC  program  began  in  fiscal  year  (FY)  1459  with  support  of  the 
Loe  Alamos  Sjient1.:;ic  Laboratory  "plasma  thermocouple."  The  AEC  and 
NASA  tnermionic  efforts  were  administratively  coiubineu  in  FY  1971, 
witn  NASA  assuming  tne  responsibility  for  systems  studies  and  support 
technology. 

Ail  U.S.  space  reactor  oevelopment  programs  were  terminated  in  1975 
because  of  oudgetary  pressures  ana  :hanges  in  user  interest. 
SuDsequently , a DOU/Snergy  Kesearen  and  Development  Administration 
(ERDA)  Space  Nuclear  Application  Steering  Group  was  organized  in  1975 
witn  the  Objective  of  establisning  and  maintaining  the  necessary 
mar.ageoient  interface  and  communication  cnannels  between  DOD  ana  EKDA 
for  the  purpose  of  ensuring  the  effective  and  efficient  military  use 
of  nuclear  energy  foi  space  ana  otner  directly  related  applications. 

In  concert  with  the  steering  group,  an  Advanced  Space  Power  WorKing 
Group  was  established  and  proviaed  a report  in  1977.  This  report 
assessed  DOO  potential  missions  and  t.ne  various  space  power 
technologies.  The  report  formed  tne  basis  for  DOE  to  enter  into  a 
5-year  space  reactor  tecnnology  program  oeg inning  in  1979  at 
approximately  $2  miliion/yr.  At  that  time,  DOD  space  system  power 
requirements  appeared  to  be  in  the  10-  to  lOO-KW(e)  range.  Tne 
technology  development  program  focused  on  a reactor  system  concept 
called  Space  Power  Advanced  Keactor  (SPAN) . 

In  19P1,  while  DOD  decided  to  continue  to  study  its  mission 
applications  ana  could  offer  no  direct  support,  tne  NASA  mission 
models  indicated  tnat  100  kW(e)  could  provide  a suitable  power  level 
for  both  outer  planetary  and  earth  orbital  missions.  The  work 
associated  with  the  power  conversion  subsystem  was  planned  to  be 
conducted  by  NASA,  while  the  efforts  on  the  reactor  subsystem  would 
continue  to  be  conducted  by  DOE  witn  NASA  support.  In  FY  1982,  witn 
NASA  support,  the  reactor  development  program  was  tailored  to  NASA 
objectives  that  identified  a number  of  mission  considerations  for 
thelOO-kW(e)  power  system,  and  tne  effort  wan  redesignated  the  Space 
Nuclear  Reactor  Power  System  Technology  I'rogram  (iP-100)  . 

Since  the  summer  of  1981  we  nave  experienced  a rv'newed  )..teresteu 
by  DOD  in  both  the  Kilowatt  and  the  megawatt  power  ranges.  Some  of 
tne  reasons  for  tne  renewed  military  interest  are  shown  in  Figure  li. 
AS  you  can  see,  nuclear  power  enhances  survivability  againct  nuclear 
attacK,  laser  attack,  ana  antisatellite  attacK.  It  also  maxes  it 
practical  to  provide  tne  payload  with  high  power,  which  enhances 
survivability  by  permitting  higiier  orbits,  imore  ground  links,  narder 
olectronics,  smaller  antennas,  and  mobile  grouiia  receivers.  Nuclear 
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povrtr  also  provides  rne  spacecraft  with  an  improved  field  of  view  and 
improved  pointing  accuracy  and  permits  undegraued  operation  in  the  /an 
Alien  I'auicttion  oelts. 

To  me«t  the  growing  user  interest,  DOK  iias  establisned  aa  Office  of 
Space  Reactor  Projects,  as  shown  in  Figure  13.  As  you  can  see,  this 
office  wilJ  r;:port  directly  to  me,  and  through  me  to  the  assistant 
secrtrary  for  nuclear  energy.  Tne  Office  of  Fpace  Reactor  Projects 
will  be  responsible  tor  tne  activities  listed  in  figure  14.  The 
near-term  efforts  of  the  ofrice  will  focus  on  a review  of  past  and 
present  space  reactor  deve’  "Mnent  activities.  A variety  of 
technologies  will  oo  examined  to  ensurt  that  Khe  reactor  development 
efforts  to  follow  will  emphasize  those  concepts  vith  tlie  highest 
possible  likelihood  of  successful  mission  perfor..ance.  This  review 
effort  will  tnen  form  ciie  basis  of  a space  reactor  technology  plan 
that  will  be  coordinated  and  agreed  upon  with  user  agencies  and  will 
be  updated  on  a regular  basis.  I want  to  emphasize  that  this  office 
will  be  responsible  only  for  the  reactor  development! 

In  the  context  of  the  reevaluation  process,  it  is  important  that  an 
extensive  review  be  made  of  the  various  reactor  technology  options, 
listed  in  Figure  15.  As  part  of  this  process,  Rocxwell  International 
is  under  contract  to  DOb  tc  conduct  a two-phase  program,  which  is  to 
be  compJet»d  in  about  6 monchs.  Pnase  1 activities  incluue  the 
coil'  r ..  and  assessment  of  space  nuclear  reactor  power  systems 
infor...dtion.  Pnase  II  efforts  would  include  tne  collection  and 
validation  of  mission  requirements,  along  with  the  synthesis  of  the 
pov»cr  systems  analysis  data,  and  culminate  in  a development  schedule 
and  recoiimended  program  plan  acceptable  co  the  user  agency. 

The  present  program  at  Los  Alamos  National  Laboratory  (LANL)  is 
focused  on  tne  Heat  Pipe  Reactor  (Figure  16) . The  reactor  core  is 
cooled  by  120  iitnium  heat  pipes  witn  Mo-Re  wails  and  fins.  The 
spaces  between  the  fins  are  filled  wicn  UO2  fuel  wafers.  Figure  17 
illustrates  the  overall  nect  pipe  reactor  (riPR)  power  system.  The 
core  near  pipes  extend  past  the  shiei'  through  the  wnoie  length  of 
the  power  system.  The  generat-d  hi  transferred  by  radiation  from 

the  central  pipe  bundle  to  tne  tnerraov  .ectric  converters  mounted  on 
tne  radiator  panels.  Radiative  coupling  eliminates  most  connections 
between  the  reactoi  system  and  the  conversion  system  and  facilitates 
technical  and  organizational  soparution  of  the  two  development 
programs.  The  key  leatu-es  of  tne  HPR  design  are  summarized  in  Figure 
18,  ana  Ur.  Boudreau  from  LANL  win  describe  this  program  in  some 
detail  later  in  the  conference. 

it  IS  planned  to  continue  this  HPR  daveiepment  program,  and  if 
adequate  funds  are  tortncomir.g  from  NASA,  current  plans  call  for 
completion  of  tne  "critical  technology  developmant  phase"  oy  the  er.o 
of  FY  1S86,  at  which  time  a key  decision  will  be  made  whether  to 
proceed  into  a "ground  engineering  system  pnase"  for  the  HPH  system. 

Mission  analyses,  only  now  beginning  in  earnest  by  user  agencies, 
may  direct  us  away  from  tne  HPR  concept  or  may  result  m parallel 
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deveiopuieat  o£  more  tnan  one  reactor  concept.  Utiat  is  important  is 
that  we  maintain  prograoi  integrity  while  missions  are  oeing  defined. 

As  I noted  previously,  one  of  the  eariy  activities  of  the  Office  of 
Space  Xeactor  Proiects  will  be  to  reevaluate  past  anu  present  space 
reactor  activities  for  relevance  to  future  neeos.  This  review  will 
focus  on  those  technologies  that  offer  a contribution  to  future 
high-technology  systems.  For  example,  the  ZrH  reactor  systems  are 
limited  in  temperature  anu  power  density  capabilities  and  do  not 
appear  to  offer  much  in  reactor  core  technology  for  the  future.  Many 
reactor  systems  appear  to  snow  more  promise,  and  we  will  be  actively 
evaluating  rotating-  ana  fixed-bed  reactors,  high-temperature  gas 
reactors,  liquid-met^l  systems,  fluid-fuel  systems,  as  well  as  c range 
of  power  conversion  technologies. 

In  order  tnat  UCE  might  carry  out  its  function  to  uevelop  ana 
deliver  the  space  power  systems  needed  in  ~ future,  it  is  extremely 
important  tnat  detailed  and  chorough  mission  assessments  oe 
accomplished  in  a timely  manner.  In  addition,  it  is  also  important 
that  Che  nuclear  reactor  power  system  technologies  assessment  be 
carried  out  to  permit  tne  necessary  trade-offs  between  the  mission 
studies  ana  the  analyses  of  spacecraft  syetems  anu  power  supply 
subsystems.  This  process  is  generalized  in  Figure  19.  Only  by  using 
tnese  traue-off  studies  can  one  select  the  appropriate  nuclear  reactor 
power  system  technologies  for  development  to  yiela  a high  probability 
of  meeting  tr.e  user  agencies'  needs.  It  is  cxca^  that  a space  nuciear 
power  capcbitity  will  require  the  consideration  of  many  tecnnicai 
alternatives,  an.d  what  we  need  is  a clear  detinition  of  missions  and 
poaer  neeos. 

As  summarized  in  Figure  20,  DOE  has  been  cnarged  with  the 
rosponribility  or  space  reactor  aeveiopment,  and  we  have  had  years  of 
experience  with  th5  development  of  many  specializeu  reactors 
prctotypical  or  space  nuclear  power  systems.  This  work  has  been 
accomplishea  througn  ;he  eftorti,  of  many  people — managers,  engineers, 
craftsmen,  technicians — in  the  national  laboratories  and  in  private 
industry,  tlarional  laooratcr ies  tnat  nave  been  particularly  active  in 
the  field  of  spa^ce  nucinat  power  inciuae  Los  Alamos,  Oak  Ridge, 
Savanna.i  River,  Br>ok!!avvn,  Livermore,  /".rgonne,  Sandra,  Hanford,  Idaho 
National  Engineeritiq  fjaooritory,  the  i>lo*ind  Facility,  and  the  Applied 
Pnysics  Laboratory.  Iriwiust.'ial  participants  range  from  very  large  to 
quite  small  and  include  General  Electri  . Westinghouse,  Rockwell 
International,  Aerojet,  General  Atomic,  TRW,  The».»uo  Electron,  Teledyne 
Energy  Systems,  NJS  Corporatio:i.  Faircniia  industries,  and  many 
others.  These  widespread  activities  .lao-.j  created  o'^er  tlie  years  a 
large  ana  diversified  population  or  technic.«l  experts  witn  interest 
ana  experience  in  advanced  nuclear  power  syacems.  Tni s -esource  ic 
waitr..g  to  oe  reengagej  and  redirected  in  a new  effort,  to  put  nuclear 
power  to  work  in  space. 
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V US  active  ort  studies  and  development  of  Space  Nuclear  Power  and 
Propulsion  since  1951. 

e 36  Nuclear  Power  Systems  successfully  flown  on  23  DOD  and  NASA 
missions. 

• All  but  one  system  were  RTGs,  Radioisotope  Thermoelectric  Generator. 

e Unlike  USSR,  the  US  has  only  flown  one  reactor  in  space,  the  500-watt 
SNAP-10A  in  1365. 

e Many  ofhe^,  higher-powered  systems  under  development  by  DOE  were 
terminated  short  of  flight  tests,  because  of  budgetary  pressures  and/or 
changes  in  user  interest. 

9 Pursuant  to  the  Atomic  Energy  Acts  of  184€  and  1954  and  the  Energy  Acts 
of  1974  and  1977,  the  above  programs  were  conducted  by  DOE  and  its 
predecesscrs.  In  cooperatior:  with  the  DOD  and  NASA  user  agencies. 

e With  current  renewed  interest,  OOE  stands  ready  to  cooperate  with  DOD 
arKi  NASA  to  continue  supplying  them  with  all  of  their  space  nuclear  power 
su;^ly  nseds. 


•IcrjRE  1 Summary  ot  U.S.  spac,e  nuclear  power  development  (1951-pi-ssent) . 
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FIGUR£  2 Space  nuclear  power  and  evolving  mission  requirements. 


467 


<1  kW:  RTQ  - 


Radio<totop«  Th«rmo«l»ctric  Q«n«rator 

SNAP-3 

Mar* 

Succtfsfully  Flown  In  Spac* 
Moon 


SNAP-9 

SNAP-19' 

SNAP-27 

TRANSIT 

MHW 

QPHS 

MITG 


To  b«  uaod  on  Qallloo  and  Solar  Polar 

Mlaalona 

Fulura  Mlaalona 


1-10  kW:  DIPS  - Dynamic  Isotopa  Power  System 

Organic  Rankina  i 5000-Hour  Taat.— 3 Yaara  to  FUght- 
> Qualify 

Inart  Qaa  Brayton  y 
Stirling  Cyela 


10-500  kW:  HPR  - 
100  kW-Mogawatts:  FBR  - 
RBR  - 


, Partial  Ocvvicfimant,  Vlabla  Optlona 

Heat  Pipe  Reactor 
Fixed  Bed  Reactor 


Rotating  Bed  Reactor 

Other  Reactor  Options: 

- Th^jrmlonlc  Raactor 

- Brayton  Systam 

- Organic  Rankina 

- Liquid  Matal  Rankina 

- MHO 

- Fluid  Cora 


I Tachnology  Undar  Currant 
' OavalopmanI 


Pravloua  OavalopmanI  Pro- 
grams (SNAP-10A,  SNAP-2, 
SNAP-S,  SNAP-SO/SPUR, 
MPRE,  710,  Tharmlonic) 


FIGUPZ  3 Space  nuclear  power  options  (for  the  power  ranges  shown 
in  Figure  2) . 


FIGURE  4 


469 


GALILEO 


MAP  THE  MOONS  OF  JUPITER  r 

CONDUOT  ATMOSPHERIC  EXPERIMENTS  ^ 
PROBE  TO  EXPLORE  TH^  PLANETS  SURFACE 


FIRST  NUCLEAR  SYSTEM  TO  BE  SHUTTLE , 
LAUNCHED  • 


NASA  LAUNCH' -41986  ' 


FIGURE 


Thermoelectric  applications: 


Galileo  mission. 


^ ; ■ ■ . /■  ■■'i  / .. 

•rt:;  s. 


■*4^- 


INTERNATIONAL 
SOLAR  PCnjAR 


.'AR  .'J 


JOINT  NASA-ESA  EFFORT 

FIRST  64j  of  the  ecliptic  SOLAfi  MISSION 


FIR^T  EXPLORATION  OF  THE  SUN'S  POLAR  REGION 
LAHNCM-1886. 


FIGURE  6 


Thermc'eiectr ic  cystems; 


International  Solar  ’.olar  mission 


471 


FIGURE  7 Progress  in  the  radioisotope  thermal  generator  program. 
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FIGURE  8 Trends  in  RTG  technology 
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DYNAMIC  ISOTOPE  POWE^  SYSTEM 
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FIGURE  9 The  Dynamic  isotope  Power  Systems  (DIPS)  . 
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MILITARY  UTILITY  IN  SPACE 

WHY  NUCLEAR  POWER  INSTEAD  OF  SOLAR? 

Because  It  enables  survivability  and  endurability  of  the  military  spacecraft  and 
Its  associated  ground  system,  by  providing: 

A Survivability  against  nuclear  attack  (JCS) 

Hardnats  against  therma’  shocks  from  x-ray  bursts 

• Survivability  against  laser  attacks  (SMATH) 

Not  sansltiva  to  rssultant  tamparatura  risa 

• Rapid  maneuverability  to  evade  anti-satellite  attacks 

Ruggad  structure 
No  delays  for  told-up 

• Higher  power  for  improved  mission  performance: 

- more  usable  payload 

- higher  orbits,  harder  to  attack 

- more  ground  liriks,  harder  to  |Om 

- harder  electronics,  let>s  vulnerable 

- operation  in  van  Allen  oalts  without  degradation 

- smaller  antennas,  .'mpllfied  designs 

- small  and  mobile  ground  receivers  for  improved  survIvabilUy 

• Small  size,  improved  field  of  view,  improved  pointing  accuracy 

Space  Nuclear  Power  is  tfie  critical  path  for  improved  multi-service 
warfighting  capability  i 


FIGURE  12  Reasons  foe  DUD  interest  in  space  nuclear  systems. 
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FIGURE  13  DOE  organization. 


• Directs  all  aspects  of  the  development  of  advanced  space  reactors  for  use 
with  nuclear  power  systems  for  future  DOD  and  NASA  missions. 

• Develops,  plans,  and  manages  resources  for  the  effective  acconplishment 
of  goals  and  objectives. 

• Develops  the  reactor  and  materials  technology  to  meet  anticipated  user 
requirements. 

• Interfaces  with  DOD  and  NASA  to  identify  missions  and  coordinate 
overall  power  system  development. 

• Directs  quality  assurance  and  quality  control  efforts  to  assure  consistency 
with  DOE  and  other  agency  requirements. 

• Conducts  necessary  safety  technology  to  assure  adequacy  of  design  with 
respect  to  safety  and  personnel  exposure. 


Responsibilities  of  the  DOE  Office  of  Space  Reactor  Projects. 


FIGURE  14 
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• Active  Programs: 

• HPR  - Heat  Pipe  Reactor: 

UOj  fuel  wafers  and  Mo/Re  fins 
Cooled  by  lithium  heat  pipes 
Radiating  to  thermoelectric  converters 

• FBR  - Fixed  Bed  Reactor: 

Graphite-coated  UC  microspheras 
Fixed  annular  fuel  bed 
Helium  coolant,  Brayton  cycle 

• RBR  - Rotating  Bed  Reactor: 

Same  as  FBR,  except  for  fluidized  fuel  bed 
Rotating  reactor  core 

• Other  Options:  Thermionic  Conversion,  Rankine  Cycle,  MHO,  Gas  Core 

• Power  Range: 

• HPR  limited  to  lower  power  levels  (e.g.,  < 500  kw(e) ) 

• Other  options  best  for  higher  power  levels  (megawatts) 


• Final  design  selection  will  depend  on  results  of  ongoing  and  planned 
studies  under  SP-100  program. 


FIGURE  15 


Space  reactor  alternatives. 
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FIGURE  16  Cutaway  view  of  Los  Alamos  National  Laboratory  HPR  system. 
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FIGURE  17 


Power  system  design,  HPR  system. 
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• 100  kw(e)  power  system: 

Design  scalable  to  lower  and  higher  power  levels 

• Valuable  experience  base: 

Much  of  technology  applicable  to  multi-megawatt  systems 

• Fast  reactor: 

For  compactness  and  long  system  life 

• Heatpipe-cooled: 

For  redundant  heat  transport 

• Radiative  coupling: 

Simplifies  technical  and  programmatic  approach 

• Thermoelectric  converters  mounted  on  radiaton 

Simple,  proven  technology;  High  redundancy  and  modularity 

• Lightest  system  at  low  power  levels 


FIGURE  L8  Key  features  of  the  HPR  design. 
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FIGURE  19  Basic  steps  in  system  planning  and  development. 
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• DOE  is  the  US  agency  responsible  for  nuclear  reactor  development. 


• Over  the  past  25  years,  DOE  has  expended  ~$1.5  billion  on  space  nuclear 
developments;  about  half  on  nuclear  power  and  half  on  nuclear  propulsion. 


• It  has  developed  38  nuclear  systems  which  were  successfully  used  on  23 
NASA  and  DOD  space  missions,  and  has  beeri  involved  in  many  other 
space  power  technology  programs. 


• As  the  result  of  this  experience,  DOE  personnel  and  support  laboratories 
have  developed  a unique  understanding  of  the  pertinent  technical, 
managerial,  and  flight  safety  issues. 


• DOE  looks  forward  to  continued  cooperation  with  DOD  and  NASA,  to 
supply  their  nuclear  reactor  needs  for  future  applications. 


FIGURE  20  Summary  of  DOE  nuclear  reactor  development  effort. 


Appendix 

OUTLOOK  FOR  SPACb  NUCLRAK  PJWER  DEVELOPMENT 


G.  L.  Cilipman/  Jr. 


ABSTRACT 

T.lis  paper  sumn>arizes  tne  worx  conducted  over  the  past  20  years  on 
space  nuclear  reactor  system  technologies.  It  reviews  the  current 
‘activities  of  tne  Department  of  Energy's  (DOE)  development  er forts. 
Its  planned  organizational  structure  for  future  space  nuclear  power 
development,  the  oroad  range  of  technologies  to  be  considered  in 
meeting  future  mission  needs,  and  the  future  involvement  of  the 
national  laboratories  ana  industrial  complex  in  this  important 
national  effort.  Tne  results  of  this  survey  show  that  DUE,  with  its 
tecnnical  experts  at  tne  various  department  laboratories  and 
contractors,  is  prepared  and  capable  of  producing  and  delivering 
f light-gualif led  space  nuclear  power  systems,  as  it  has  successfully 
done  in  the  past,  that  would  meet  both  civilian  and  milita/y  future 
space  mission  goals. 


HISTURi 

Federal  Responsibilities 

Tne  engineering  developments  during  and  following  World  War  II  gave 
humanity  great  advances  in  tnree  new  areas  of  technology: 
electronics,  rocKetry,  and  nuclear  power.  Studies  in  the  late  i940s, 
such  as  the  U.s.  Air  Force's  (USAF;  Project  Feedback,  suggested  the 
merger  of  these  areas  cr  technology  througn  nuclear-powered 
spacecraft.  The  U.S.  Atomic  Energy  Conunission  (AEC) , a predecessor  of 
tne  Depart'  lent  of  Energy,  initiated  a senes  of  studies  in  1951  to 
address  the  feasibility  of  powering  spacecraft  with  nuclear  device«= 
Parallel  studies  were  conducted  on  the  feasibiliry  of  using  nuclear 
power  for  the  propulsion  system.  Out  of  tnis  study  phase  came  several 
joint  Atomic  Energy  Commission  and  National  Aeronautics  and  Space 
Administr«.tion  (AEC/NASA)  and  AEC  and  Department  of  Defense  (AEC/DOD) 
programs  to  investigate  tne  use  of  nuclear  systems  for  power  and/or 
propulsion  of  spacecraft.  Thus  the  U.S.  government  has  long 
recognized  the  need  for  having  a nuclear  power  capability  in  cpa^'®. 
This  governmental  encouragement  of  nuclear  research  and  development 
was  codified  in  the  Atomic  Energy  Acts  of  i94b  and  i954,  as  amended, 
which  assigned  to  the  AEC  the  responsibility  to  conduct,  assist,  and 
foster  a program  of  research  and  development  to  encourage  tne 
widespread  participation  in  tne  development  and  use  of  nuclear 
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energy.  In  this  way.  Congress  and  the  President  focused  the  natio.i's 
efforts  in  the  nuciew.r  area,  defined  tne  separation  of  powers,  and 
ensured  tne  safe  control  of  the  special  nuclear  material  needed  for 
these  research  and  development  programs.  This  concentration  of 
nuclear  responsibility  continued  with  the  Energy  Reorganization  Act  of 
1974  and  the  Department  of  Energy  Organization  Act  of  1977. 

From  this  farsighted  plahnihg  by  the  Congress  and  the 
administration,  UOE  and  its  predecessor  agencies  nave  been  aole  to 
proviue  NASA  and  UOD  witn  all  of  tneir  space  nuclear  power  supply 
needs.  The  following  sections  review  tne  history  of  the  space  nuclear 
power  program,  leading  up  to  tne  current  s*-atus  and  the  planning 
process  of  the  future. 


Radioisotope  Power  Systems:  background  ana  Future 

Overview  of  the  Nuclear  Pcv^r  Option 

Since  1961,  tne  United  States  has  launcnea  23  civilian  and  military 
space  systems  having  all  or  part  of  their  power  requirements  supplied 
by  nuclear  power  sources.  DOE  and  its  predecessor  age. .exes  have 
successfully  demonstrated  tne  unique  capability  of  extending  support 
to  the  space  program  through  research  and  development  in  the  nuclear 
energy  field  ana  by  providing  ail  of  the  nuclear  power  sources  flown 
Dy  the  U.S.  governiuent  or  plan.ned  to  be  flown.  Taoie  A-1,  a summary 
of  space  nuclear  power  systems  launcned  by  the  United  States 
(1961-1960) , IS  useful  in  reviewing  tre  history  of  ail  of  the  flight 
space  nuclear  power  systems  providea  jy  the  department. 

Looking  to  the  future,  it  is  appa.ent  that  broad  ranges  of  power 
output  and  lifetime  will  be  require',  to  comply  with  the  developing 
range  of  mission  needs.  Tne  functional  missions  flown  to  date  have 
required  low  power  and  long  life;  these  needs  have  been  met  by  using 
raaioisocope  thermoelectric  generators  (RTGs) . As  future  power  neeas 
rise  to  1 kW(e)  and  above,  tne  hi''^.ier  conversion  efficiency  of  dyncuaic 
electric  conversion  systems  will  become  increasingly  attractive, 
making  tnem  the  preferred  power  system.  For  example,  conversion 
efficiencies  of  15-25  percent  are  possible  witn  dynamic  systems 
compared  to  5-10  percent  for  thermoelectric  systems.  A ground 
prototype  system  of  the  Dynamic  Isotope  Power  Systems  (DIPS)  nas  been 
ouilt  and  operated  for  5,000  hours.  At  a power  level  of  about  10 
kW(e),  the  increasing  inventory  of  fuel  needed  in  the  DIPS  will  make 
reactor  systems  the  preferred  system.  At  25  kW(e)  and  above,  reactor 
systems  Decome  more  attractive  in  cost,  mass,  and  size  than  an  other 
competing  power  systems.  Figure  A-1  illustrates  where  the  transition 
power  levels  occur  and  how  the  three  classes  of  nuclear  power  systems 
are  related  to  development  time  and  mission  needs. 
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TAoLE  A-i  Summary  of  Space  Nuclear  Power  Systems  Launchea  by  tne 
United  States  ( '.961* 
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Radioisotope  Thernoeiectr ic  Generators 

Tne  RTG  power  system  has  ' een  a cornerstone  of  the  space  nucJear 
program.  Currently,  UOK  has  unaer  development  tne  general-purpose 
heat  source  RTG  that  is  planned  for  use  on  the  NAbA  Galileo  and 
International  Solar  Polar  missions  scheduled  for  launch  aboard  the 
Space  Shuttle  in  li^86.  Also  oeing  developed  is  the  technology  for  the 
modular  isotope  thermoelectric  generator  (MITG) , potentially  to  be 
used  in  U.S.  space  missions  beginning  in  the  l!;^U8  time  frame.  An 
estimated  $45  million  and  4 years  would  be  requireo  to  complete  the 
research  and  technology  verification  phase  of  this  advanced  RTG 
system.  Table  A-2  identifies  tne  progress  made  in  the  isotope 
thermoelectric  power  systems  and  the  objectives  DOE  nas  set  for  future 
development. 


Dynamic  Isotope  Power  Systems 

To  meet  potential  DOD  future  space  missions  forecast  in  the  i-  to 
2-KW(e)  power  range,  DOE  embarKea  on  a development  program  to  evaluate 
so-called,  dynamic  conversion  systems  cnat  employ  a rotating 
turbine/alternator  system  that  offers  efficiencies  approaching  18-25 
percent.  Following  a competitive  phase  wherein  studies  ana  tests  of 
the  Bray ton  cycle  and  the  RanKine  cycle  were  supported,  DIFS,  based  on 
an  isotope- fueled  closed  Rankine  power  conversion  cycle  utilizing  the 
organic  compound  Dowtnerm  A as  tne  working  fluid,  was  seiectea  (see 
Figure  A-2) . To  date,  prctotypic  equipment  has  been  operated  in 
excess  of  5,000  hours  in  a space  vacuum.  Approximately  $20  million 
was  spent  during  the  course  of  this  progreim.  Figure  A-3  illustrates 
the  flexibility  or  this  type  of  space  isotope  power  ‘-vstem  in  mating 
witn  the  Nuclear  integrated  Multimission  Spacecraft  .N..i4S)  . NIMS  can 
accommodate  t.ne  four  major  identified  IX)D  mission  categories,  i.e., 
communications,  surveillance,  navigation,  and  meteorology.  An 
estimated  $40  million  and  about  3 years  would  be  required  to  qualify 
this  system  for  space  flight. 


The  Space  Reactor  Program  Tnrough  1^73 

For  tne  space  nuclear  rt  ;tor  power  system  devexocment  erforts,  the 
AEG  expended  some  $1.4-$1.5  billion  on  the  following  nine  areas 
through  \4li,  wnen  all  activities  associated  witn  space  nuclear 
reacto:  power  development  ceased. 

FN/tP- The  development  of  this  zirconium  hydride  reactor  coupled 
to  a 3-kW(e)  mercury  Rankine  cycle  combined  rotating  unit  (CRU)  was 
initiated  in  fiscal  vear  (FY)  i^Sb  at  the  request  of  the  Air  ‘•‘orce. 

Two  reactor  tests  demonstrated  reactor  feasibility.  Congressional 
action  on  the  DOE  FY  1964  budget  necessitated  the  elimination  of  the 
proposed  SNAP-2  launch  program.  The  kEC  terminated  the  SNAP-2  program 


TABLE  A-2  Trends  in  KTG  Tecnnology 
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in  FY  1964  but  continued  the  development  of  the  zirconiw'm  hydride 
reactor  technology  and  the  mercury  Kankine  cycxe  technology.  T’he 
mercury  Rankine  effort  was  terminated  in  FY  1967. 

SNAP-lOA;  The  development  of  the  SNAJ'-2  zirconium  hydride  reaccor 
coupled  to  a direct  radiating  thermoelectric  conversion  system  was 
initiated  in  FY  1960  at  the  reguest  of  the  Air  Force.  Power  output 
was  500  W(e) . Congressional  action  on  the  DOD  FY  1964  budget 
necessitated  the  elimination  of  the  proposed  SNAP-lOA  launch  program, 
decause  of  the  importance  of  the  SNAP-lOA  flight  test  to  the  nation's 
nuclear  electric  power  effort,  tne  Joint  Committee  on  Atomic  Energy 
(JCAE)  included  the  authorization  for  tne  flight  test  by  the  AEC  in 
the  FY  1965  authorization  Act,  and  funding  was  appropr latea.  The 
SNAP-lOA  system  was  J nched  on  April  i,  1965,  and  operated 
successfully  for  43  days  prior  to  snutdown,  caused  by  a spurious 
signal  from  the  payload.  The  program  was  concluoed  in  FY  1966  except 
for  the  completion  of  the  10,000-nour  ground  test  of  a duplicate  of 
the  flight  system  as  part  of  che  zirconium  hydride  reactor  technology 
program.  The  key  fact  to  be  remembered  is  that  SNAP-lOA  was  the  first 
known  use  cf  a nuclear  reactor  in  space — and  it  was  successful.  The 
SNAP-lOA  experimental  flight  proved  tnat  space  nuciear  reactors  can  be 
safely  built,  launched,  and  operated  remotely. 

Liquid-metal-cooled  reai.  wOr  (SNAP-SO-SPUR)  ; This  technology 
development  was  initiated  in  1958  under  the  Aircraft  Nuclear 
Propulsion  (ANP)  program  in  an  att«»npt  co  meet  the  design  requirements 
for  supersonic  flignt.  The  concept  was  a high-temperature, 
lithium-cooled  refractory  metal  alloy  reactor.  The  ANP  program  was 
te."’inated  in  FY  1961,  but  a technology  effort  was  continued  bec^v'se 
of  DOU  and  NASA  interest  in  the  development  of  a hign-power  nuclear 
electric  system  for  space  application.  In  FY  1962,  the  program  was 
directed  toward  tne  Air  Force  SPUR  concept  that  contemplated  a 
2000<^F,  fast,  lithium-cooled  refractory  alloy  reactor  coupled  to  a 
potassium  Rankine  cycle  power  conversion  system.  A SNAP-50/SPUR 
office  was  establisned  in  AEC  headquarters  with  an  Air  Force  officer 
as  program  manager  and  with  NASA,  Air  Force,  and  AEC  deputy  managers. 
Because  the  time  could  not  be  defined  when  high  power  in  space 
applications  would  be  required,  the  character  of  the  program  changed 
during  FY  1964-1965  from  a power  development  approach  to  a long-term 
basic  technology  program,  leading  to  a ground  demonstration  of  the 
reactor  and  critical  components  of  the  power  conversion  system.  The 
SNAP-50/SPUR  program  was  terminated  in  FY  1965,  and  the  responsibility 
for  the  technology  program  was  transferred  from  Pratt  and  Whitney 
(CaNEL)  to  Livermore  (LRL) . In  FY  1968,  owing  to  a reduction  in 
funding  because  of  budge  ary  pressures,  cne  program  was  terminated,  as 
directed  by  the  Joint  Comi\ittee  on  Atomic  Energy. 

Rover/NERVA;  Perhaps  the  most  cnallenging  application  of  nuclear 
energy  to  spacecraft  was  the  nucleir  rocket  program.  G.  T.  Seaborg 
summed  up  tne  cnallenge  as  follows:  "What  we  are  atcempcing  to  make 

is  a flyable  compact  reactor,  not  much  bigger  than  an  office  desk. 
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tnat  will  produce  the  power  of  Hoover  Dam  from  a cold  start  in  a 
matter  of  minutes." 

Tne  uniteo  States  carried  out  an  ambitious  research  program  from 
1955  to  1972  aimed  at  developing  a capability  to  use  nuclear  power  for 
rocket  propulsion.  This  program,  which  was  jointly  manageo  by 
AHC/USAF  and  AEC/NASA,  demonstrated  a number  of  important  firsts  in 
space  nuclear  tecnnology:  (1)  multiple-start  capability,  (2)  peaK 

power  of  4,200  MW,  (3)  60-min  continuous  operation,  sufficient  for 
many  space  missions,  and  (4)  ability  to  start  on  its  own  power  ana 
operate  stably  over  a wide  range  of  conditions.  From  this  research 
evoiv?«’  Che  nuclear  engine  for  rocnet  venicle  applications  (NiiRVA) 
that  was  designed  for  use  on  a reusable  nuclear  shuttle.  NHRVA  was  to 
produce  75,000  lb  of  thrust  at  a specific  impulse  of  U25  s — twice  the 
specific  impulse  of  tne  best  chemical  rockets.  Such  a capability 
trannslates  into  larger  payloads  and  shorter  flight  times. 

Furthermore,  NERVA  offered  the  possibility  of  producing  15-25  kW  oJ 
power  for  hotel  functions  during  the  coast  pnase  of  the  mission. 

The  Rover/NERVA  program  aemonstrated  again  that  several  government 
agencies  can  cooperatively  work  togetner  to  apply  nuclear  technology 
to  spacecraft  and  that  nuclear  power  can  provide  a quantum  leap  in 
performance  improvemtiit  over  more  conventional  systems. 

Boiling  metal  reactor  (MPRE) ; This  technology  involved  the 
investigation  of  the  feasioility  of  direct  boiling  of  potassium  in  a 
compact  fast-spectrum  reactor.  The  decision  was  made  in  FY  1966  to 
phase  out  this  work  and  concentrate  the  remaining  advanced  technology 
resources  on  tne  gas-cooled,  liquid-metal-cooled,  and  thermionic 
concepts.  Tne  program  was  terminated  at  Oak  Ridge  National  Laboratory 
(ORNL)  in  FY  1966. 

Gas-cooled  reactor  (7l0);  This  technology  involved  the  development 
of  a hign-teiqperature,  lightweight,  high-performance,  gas-cooled 
reactor  suitable  for  a Hrayton-cycle  space  power  system.  During  FY 
1967  the  work  was  reducea  to  a fuel  element  development  program  only. 
In  FY  1968,  the  program  was  terminatea  at  General  Electric  in  oraer  to 
apply  available  resources  to  the  liquid-metal-cooied  and  thermionic 
reactor  concepts. 

SNAP-8 ; The  SNAP-8  program  was  initiated  in  FY  1960  to  develop  a 
30-  to  60-kW  electric  system  suitable  for  space  propulsion.  The  AEG 
sponsored  development  of  the  zirconium  hydride  reactor  heat  source, 
and  NASA  was  responsible  for  the  mercury  Kankine  power  conversion 
system.  The  S8ER  (SNAP  8 Experimental  Reactor)  operated  for  1 year 
during  FY  1964-1965,  and  the  S8DR  (SNAP  8 Developroen'al  Reactor) 
operated  for  7,000  nours  during  FY  1969-1970. 

The  5-kW(e)  zirconium  nydr iae/tnermoelectric  system;  The 
objectives  of  the  2rH/Xi:.  work  were  to  fabricate  and  test  a "5  year 
life"  reactor  and  power  conversion  system.  Nominal  power  output  was 
to  be  5 kW(e).  The  NASA-Lewis  Researen  Center  was  responsible  for 
program  management,  and  the  AEC  funded  reactor  development  at  Atomics 
International.  The  program  was  terminated  in  January  1973. 
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Thermionic  reactor;  The  thermionic  reactor  was  a concept  for 
converting  heat  to  electricity  insiue  a reactor  core  usin<g  the 
thermionic  process.  It  can  cover  tne  range  from  a few  kilowatts  to 
several  megawatts  of  electric  powers  but  the  empnasis  in  the  last 
several  years  of  activity  was  on  a l2U-kW  system  suitable  for  space 
propulsion  missions. 

The  AEC  program  began  in  FY  1959  with  support  of  the  Los  Alamos 
Scientific  Laboratory  (LASL)  "plasma  thermocouple."  In  FY  1964,  the 
AKC  reoriented  the  thermionic  program  to  emphasize  industry 
participation  (General  Electric  and  General  Atomic)  in  reactor  fuel 
element  development  and  eventual  construction  of  a reactor 
experiment.  In  Aug  ist  1970,  Gulf  Ge..eral  Atomic  was  selected  for  the 
prime  role  of  developing  the  TFE  (thermionic  fuel  element)  and 
constructing  a thermionic  reactor  test.  The  AEC  and  NASA  thermionic 
efforts  were  administratively  combined  in  FY  1971,  with  NASA  assuming 
tne  responsibility  for  systems  stuaies  and  support  technology.  All 
space  tnermionic  effort  by  AEC  was  terminated  in  January  1973. 

Dynamic  power  conversion;  This  technology  was  directed  toward 
three  Rankine  cycle  concepts — mercury,  potassium,  and  organic.  The 
mercury  Rankine  effort  was  originally  started  as  part  of  the 
development  of  a nuclear  reactor  (SNAP-2)  for  the  Air  Force.  It  was 
separatea  from  the  reactor  oevelopmcnt  effort  and  conducted  as  a 
separate  technology  from  FY  1964  through  FY  1973,  at  wnicn  time  it  was 
terminated.  The  potassium  Rankine  effort  was  funded  by  tne  Air  Force 
through  FY  1963,  became  an  AEC  responsioiiity  as  part  of  the 
SNAP-50/SPUR  concept  in  FY  1964  and  was  terminated  in  FY  1966. 

Finally,  tne  organic  Rankine  effort  oegan  in  FY  1966  in  response  to  a 
DOD  interest  and  continued  through  FY  1970,  when  it  was  terminatea 
tne  AEC  witn  the  understanding  tnat  tne  Air  Force  would  funu  any 
future  effort  in  this  area. 


Reactivation  of  Space  Reactor  Development  Efforts 

In  1975,  a UOD/EROA  Space  Nuclear  Application  Steering  Group  was 
organized  with  the  ob3ective  of  estaolishing  and  maintaining  the 
necessary  management  interface  and  coimnunirjation  channels  between  DOU 
and  tne  Energy  Kesearcn  and  Development  Administiation  (ERDA)  for  the 
purpose  Of  ensuring  the  effective  and  efficient  military  use  of 
nuclear  energy  for  space  and  other  airectly  related  applications.  In 
concert  with  the  steering  group,  an  Advanced  Space  Power  Working  Group 
was  established  and  providea  a report,  SPWG  77-1,  in  1977.  This 
report  assessed  DOD  potential  missions  and  the  various  space  power 
technologies  and  formed  tne  basis  for  DOD  to  enter  into  a 5-year  space 
reactor  technology  program  beginning  in  1979  at  approximately  $2 
million/yr.  At  that  time,  DOD  space  system  power  requirements 
appeared  in  tne  10-  to  lOO-kW(e)  range.  The  technology  aevelopment 
program  focused  on  a reactor  system  concept  called  Space  Power 
Advanced  Reactor  (SPAR) . 
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In  1981,  oucing  tne  formulation  of  the  FY  1982  budget  submission, 
the  Office  of  Management  and  Budget  (CJMB)  uirected  that  DOE  funds  roc 
space  reactor  developc«nt  be  held  to  $1  million  and  be  contingent  upon 
support  rcom  DOU  and/or  NASA.  While  SOD  decided  to  continue  to  study 
its  mission  applications  and  could  offer  no  financial  suppert  to  DOE, 
NASA  pledged  to  support  the  progr£un  and  to  venture  toward  a 30int 
NASA/DOE  technology  verification  phase  of  the  reactor  aevelopment 
project,  redesignated  SP-100.  The  NASA  mission  mooels  indicated  that 
100  liW(e)  could  provide  a suitable  power  level  for  beth  outer 
planetary  and  earth  orbital  missions.  In  view  of  the  budgetary 
constraints  on  DOE,  tne  work  associated  with  the  power  conversion 
subsystem  was  planned  to  be  conducted  and  supported  by  NhSA,  while  the 
efforts  on  tne  reactor  subsystem  would  continue  to  be  conducted  by  DOE 
based  upon  DOD  and  NASA  support.  In  FY  1982,  with  NASA  support,  tne 
reactor  development  program  was  tailored  to  NASA  objectives  that 
identified  a number  of  mission  considerations  for  the  100-kW(ej  pevee 
system. 


CURRENT  STATUS  OF  SPACE  REACTORS 
SP-100  Driven  by  NASA 

As  was  stated  earlier,  the  origins  for  initiating  the  technology  of  an 
ouvanced  space  power  reactor  development  program  were  based  upon  the 
potential  DOD  missions  in  the  10-  to  lOO-kW(t)  power  range.  Firm 
requirements  for  power  above  100  kW(e)  have  n3t  been  officially 
identified  to  IXiE  oy  DOD.  With  the  advent  of  active  NASA  involvement 
in  the  program,  tne  characteristics  of  the  development  program  became 
oriented  toward  the  civilian  missions.  For  example,  neea  for  a 
7-yea c,  continuous  operation  at  full  power  followed  by  a 5-year 
reduced  power  output  became  important.  Also,  tne  attributes  of  a 
theriPDelectric  conversion  system  tnat  would  provide  high  reliability 
and  redundancy  in  avoiding  single-point  failures  appeared  very 
desirable.  In  addition,  tne  desire  to  provide  100  kW(e)  from  a single 
sni.ttle  launch  of  an  integrated  spacecraft  dictated  a specific  power 
minimum  of  36  W/kg  and  a goal  of  55  W/kg.  Naturally,  these  power 
system  attributes  mignt  be  useful  to  suen  potential  UOb  missions  as 
.space-based  radar,  surveillance,  communications,  electric  propulsion, 
and  jammers.  On  the  other  hand,  potential  DOD  missions  such  as 
lasers,  particle  beams,  and  advanced  concepts  in  tne  1-MW  to 
hundreds-of-megawatt  pulsea  power  level  probably  could  not  be 
satisfied  by  the  current  heat  pipe/tnermoelectr ic  type  of  power  ryrtem. 
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DOD  Interest  (Increasing) 


Kilowatt  Range 

The  early  nissiun  analysis  effort  conpleted  in  1977  inaicated  the 
potential  neea  for  an  advanced  space  reactor  power  system  in  the  lU- 
to  lOO-kW(e)  power  range.  Currently^  it  appears  tnat  these  defense 
needs  could  span  the  power  range  from  5 to  400  kW(e).  Over  the  past  5 
years  the  forecast  power  levels  required  in  space  have  increased 
substantially,  and  with  the  added  empnasis  on  survivability,  the  need 
for  space  reactor  power  oecomes  more  evident.  It  would  be  well, 
however,  to  raise  a note  of  caution  that  until  detailed  mission 
analyses  and  trade-off  studies  are  accomplisned,  tnese  potential 
projected  power  levels  could  vary  substantially  within  the  power 
envexope. 


Megawatt  Range 

The  use  of  lasers,  particle  beams,  and  other  advanced 
energy-dissipating  systems  mignt  require  pulse  power  in  the  1-  to 
100-MW  range.  Space  nuclear  reactoi  power  systems  tnat  mignt  have  the 
capability  of  providing  such  high  pulsed  po*  *r  may  exist  in  tne 
technology  tnat  was  supported  via  tne  nuclear  rocKet  technology 
program.  Sucn  reactors  coupled  to  an  open-cycle  Rankine-alternator 
conversion  system  or  the  rotating-beo  reactor  anu/or  gaseous-core 
reactor  concepts  when  coupled  with  closed-  or  open-cycle  electric 
energy  conversion  devices  should  be  considered.  Eacn  of  tnese  types 
of  technologies  has  its  advantages  and  disadvantages.  It  is  clear 
that  a space  nuclear  capability  will  require  the  consideration  of  many 
technical  alternatives,  and  more  feedback  on  tne  mission  plans  and 
power  needs. 


DUt.  Organization 

In  view  of  the  importance  tnat  DOE  places  on  the  space  reactor 
program,  tne  Assistant  Secretary  for  Nuclear  Energy  plans  to  establish 
an  Office  of  bpace  Reactor  Projects,  reporting  to  the  Office  of  the 
Deputy  Assistant  Secretary  for  Breeder  Reactor  Programs.  The  new 
office  will  be  responsiole  for  the  management  and  coordination  of  all 
activities  in  DOS's  space  reactor  development  program.  The  office 
will  consist  of  a cadre  of  technical  personnel  wfo  will  be  assisted  by 
matrix  support  from  the  department's  nuclear  sect.or  in  the  areat,  or 
materials  performance,  quality  assurance,  safety,  budget,  and 
administration. 

The  new  office  will  direct  uOE's  effort  to  develop  the  space 
reactor  technology  required  to  meet  user  agency  requirements.  The 
office  will  work  closely  with  tne  user  agencies,  DOD  and  NASA,  to 
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ensure  proper  integration  ot  reactor  aeveiopment  activities  with 
mission  requirements  and  power  conversion  system  aeveiopment  functions. 

The  near-term  efforts  of  the  office  will  focus  on  a review  of  the 
past  and  present  space  reactor  development  activities  and 
technologies.  A variety  of  tecnnologien  will  oe  examined  to  ensure 
that  the  reactor  development  efforts  to  follow  will  emphasize  those 
concepts  with  the  highest  possible  likelinoou  of  successful  mission 
performance.  This  review  effort  will  then  rorm  tne  bas..s  of  a space 
reactor  technology  plan  that  will  be  coordinated  and  agreed  upon  with 
tne  user  agencies  and  will  be  updated  on  a regular  basis.  The  current 
empnasis  on  space  reactor  aeveiopment  reflects  an  increasing  awareness 
of  the  need  for  higher  power  levels  in  future  NASA  ana  DOU  missions. 


Reevaluation  of  Space  Reactor  Technology 

As  was  noted  in  the  preceding  section,  one  of  the  early  activities  of 
the  Office  of  Space  Reactor  Projects  will  be  to  reevaluate  past  and 
present  space  reactor  activities  for  relevance  to  future  needs.  This 
review  will  focus  on  tnose  technologies  that  offer  a contribution  to 
future  high-technology  systems.  For  example,  the  ZrU  reactor  systems 
are  limited  in  temperature  ana  power  density  capabilities  and  do  not 
appear  to  offer  much  in  reactor  core  technology  for  the  future.  Many 
reactor  systems  appear  to  show  more  promise. 


Reactor  Technologies  of  Interest 

RBR/FSR;  The  Rotating-Bed  Reactor  (RBR)  and  the  Fixed-Bed  Reactor 
(FBR) , which  evolved  from  the  rotating-bed  nuclear  rocket  concept,  are 
closely  related  systems.  Figure  A-4  is  a schematic  of  the  reactor  in 
its  rocxet  format.  In  both  power  systems,  tne  reactor  core  consists 
of  an  annular  cylinaricai  bed  of  unbonded  fuel  particles.  Tne 
coolant/working  fluid  is  a gas  that  passes  radially  inward  through  tne 
ruel  bed  ana  exits  axially  from  a central  cavity  or  annuius. 

Preferred  gases  are  nydrogen  and  helium.  The  inherent  advantages  of 
tnis  type  of  system  lie  in  the  use  of  particulate  fuel.  By  maxing  the 
particles  small,  very  high  heat  transfer  can  be  obtained;  by  keeping 
them  unbonded,  tne  core  becomes  hignly  resistant  to  thermal  shock  and 
can  withstand  high-rate  thermal  transients.  Present  concepts  utilize 
U-ZrC  particles  in  the  ^00-  to  bOO- m m-diameter  range. 

In  tne  RBR  format,  the  original  rocket  concept,  the  particle  bed  is 
retained  in  its  annular  cylindrical  snape  by  centrifugal  force;  it  is 
hela  against  an  external  porous  cylinder  by  being  rotated  about  its 
central  axis.  The  bed  can  be  fluiuized  to  any  desired  degree  oy 
control  of  the  cooling  gas  velocity  and  rotational  speed.  The  FBR 
format  is  simpler;  the  particle  l>ec  is  retained  in  a close-packed 
array  between  inner  and  outer  porous  cylinder,  and  the  core  is  not 
rotated.  It  is  apparent  that  in  the  FBR  format,  maximum  gas 


teoperdture  .vs  limited  by  tne  requirement  that  the  inner  porous 
cylinder  survive.  When  the  reactor  is  to  be  used  to  drive  a turbine, 
tnis  limitation  on  temperature  is  not  significant,  ana  the  simplicity 
of  the  FBK  fork'vdt  becomes  attractive.  Wnen  maximum  temperatures  are 
utilizable,  as,  fcr  example,  in  an  open-cycle  magnetohydrodynamic 
(MHU)  system  or  in  rocxet  propulsion,  the  additional  complexity  of  the 
RBR  foroiat  may  become  worthwhile. 

The  KBR/FBK  reactor  concept  is  very  flexible  and  can  probaoly  be 
aaapted  to  many  different  types  of  power  systems.  It  can  be  coupled 
with  closed-cycle  Brayton  conversion  systems  for  continuous  power  over 
a wide  range  of  power  levels;  it  can  oe  coupled  with  open-cycle 
Brayton  or  HHU  conversion  systems  for  pulsed  power  outputs;  one  can 
even  postulate  a dual-purpose  system  in  which  the  high-temperature  gas 
from  the  reactor  could  be  used  alternatively  for  electrical  power  or 
for  evasive  maneuvering  by  oeing  discnarged  through  a rocKet  nozzle. 

Tne  reactor  concept  merits  careful  evaluation,  anu  a study  program 
is  being  carried  out  oy  OOE's  Brookhaven  National  Laboratory  under 
Defense  Advanced  Kesearcn  Projects  Agency  (DARPA)  funding. 

HTGR;  Tne  High-Temperature  Gas-Cooled  Reactor  (UTGK)  is  a large 
stationary  power  plant  system,  but  the  macerials  technology,  mucn  of 
it  developea  on  the  program,  is  very  relevant  to  the  space  reactor 
effort.  UGTR  is  a helium-coolea  system  with  much  of  the  core 
fabricated  of  graphite.  A large  part  of  the  original  work  on  the 
aevelopment  of  high-density  grapnites,  on  the  ueveiopmenc  of 
fabrication  methoos,  and  on  the  measurement  of  physical  properties  was 
done  on  tne  program.  Thermal  properties  of  grapnite  and  rates  of 
permeation  and  diffusion  of  fuel  ana  fission  products  were  determinea 
that  can  be  utilized  in  many  space  reactor  concepts.  The  dGTR  fuel 
consisted  of  U-i&rC  fuel  particles  clad  witn  pyrolytic  carbon,  and  such 
particles  are  prime  candidate  for  RBK/FBR  fuel  particles.  Also, 
graphite  is  likely  to  be  a favored  structural  material  for  many 
components  in  some  space  reactor  concepts  because  of  its  unique 
nigh-ten%>erature  properties.  The  graphite  and  fuel  particle 
tecnnology  developed  on  HTGR  is  a valuable  resource  for  a continuing 
space  reactor  program  and  should  be  reviewed  and  reevaluated 
tnoroughly . 

KlWI/hover/NBRVA;  Tnis  program  was  the  major  AEC  effort  to  develop 
a nuclear  rocket  engine  that  was  active  from  1955  to  1972.  During 
this  period,  approximately  18  distinct  reactor  systems  were 
constructed  and  operated,  culminate  .j  in  NRX-A6,  whicn  operated  at  an 
average  power  level  of  1,155  MW  for  over  1 nour.  Tne  Phoebus-2A 
demonstratea  the  capability  of  operating  at  4,2U0  MW.  These  tests 
snoweu  that  tne  nuclear  rocket  concept  has  the  capability  of  reaching 
high  power  levels  quickly  ana  of  sustaining  them  for  significant 
times.  Tne  total  expenaiture  of  funds  in  this  efrort  was 
approximately  $1.4  billion,  through  AEC,  NASA,  and  [X)D  funding. 

The  reactors  ouilt  and  operated  differed  a great  deal  in  size  and 
uesign  details,  but  ail  were  soiid-core  systems  constructed  primarily 
of  graphite  ana  cooled  oy  gaseous  hydrogen.  The  fuel  was  particulate 
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UC2,  clad  witn  and  ai>d  embedded  in  gcapbite.  As  in  tne  hTGK 
program,  a great  deal  o£  graphite  technology  was  generated  that 
constitutes  a resource  for  future  hign-temperature  reactor  develop- 
ments. 

In  addition,  a wealtn  of  experience  wai*  gainea  with  the  operation 
and  control  of  reactor  systems  with  very  hiv^h  rate  transients  of 
temperature  and  power  that  should  also  oe  most,  valuable  for  pulsed 
power  space  systems.  Furthermore,  the  hydrogen  handling  technology 
developed  for  use  under  these  extreme  conditions  mould  be  valuable. 

Liquid-metal  systems;  The  most  familiar  utilization  of  liquid 
metals  in  reactor  systems  has  been  as  a heat  transfer  medium,  tne 
primary  advantage  being  ciiat  liquid  metais  can  move  large  quantities 
of  near  at  high  temperatures  witn  low  vapor  pressures,  leading  to 
innerently  lignc,  high-power-density  systems,  obviously  attractive  for 
space  reactors.  The  potential  difficulties  that  must  be  overcome  to 
develop  a successful  liquid-metal-cooled  system  are  the  tendency  of 
the  liquid  metals  to  dissolve  tneir  plumbing,  high  susceptioility  to 
very  small  levels  of  contaminants,  and  tne  general  difficulty  of 
Keeping  auxiliary  devices  liKe  valves,  pumps,  bearin>is,  and 
instrumentation  working  reliably. 

A substantial  number  of  ground-based  reactors  have  been  designed, 
built,  and  operated  tnat  can  provide  many  background  data  on  the 
teenniques  of  operating  liquid-metal  systems.  These  include  hUK-I, 
LtiR-11,  FFTF,  Enrico  Fermi,  and  Hea  Wolf.  In  addition,  a number  of 
advanced  technology  programs  have  contributed  to  the  field,  including 
the  Pratt  and  Whitney  effort  in  tne  ANP/SNAP-50/SPUK  program  and  tne 
Molten  Potassium  Reactor  Experiment  (MPRt)  at  ORML.  All  of  tnese 
programs  snould  be  reviewed  for  tneir  contributions  to  the  data  base. 

Fluid-fuel  systems;  For  advanced  pulse  power  systems,  one  should 
also  consider  reactor  systems  wnere  the  fuel  itself  is  liquid,  or  even 
partially  gaseous.  Althougn  establishing  a stanaby  mode  may  be 
difficult,  such  systems  could  also  provide  hign  rates  of  heat  transfer 
and  great  resistance  to  thermal  snock.  Liquid-fuel  systems  have  been 
studios  in  the  LAMPRE  and  Molten  Salt  Reactor  Experiment  (HERE) 
programs,  and  a partially  gaseous  core  concept  was  stuoied  under  che 
Pl'^siiia  Core  Nuclear  Rocket  effort.  Tnese  programs  should  be  reviewed 
for  the\r  tecnnological  content. 


Power  System  information  and  Data  Correlation  Study 

As  a start  in  evaluating  reactor  tecnnology,  DOi.  nas  contracted  witn 
the  Energy  Systems  Croup  of  Rockwell  International  to  perform  a power 
tecnnology  assessment,  mission  assessment,  and  program  planning  stuuy 
for  space  nuclear  reactor  power  systems.  There  will  oe  tnree  phases 
of  power  tecnnology  analysis:  information  collection,  data 

correlation,  and  power  system  synthesis.  In  carrying  out  this 
analysis,  each  power  system  will  be  regarded  as  consisting  of  five 
subsystems  and  will  be  analyzed  in  tnose  terms.  The  five  major 
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subsystems  are  reactor , shielding,  primary  heat  transport,  power 
conversion,  and  heat  rejection.  An  important  aspect  of  information 
coliec'.ion  and  data  correlation  will  be  the  determination  of  the  level 
of  technology  readiness  tnat  exists  for  each  subsystem  of  each  power 
system,  and  a corresponaing  estimate  of  the  development  time  ana 
fundirg  required  to  bring  the  subsystem  to  flight  readiness. 

Once  the  power  technology  assessment  is  complete,  Rockwell 
personnel  plan  to  develop  an  understanding  of  mission  planning  and 
needs  by  a similar  three-pnase  process,  namely: 

o Mission  information  collection:  This  will  include  a search  of 

the  literature  and  contacts  with  the  users. 

o Mission  data  valiaation;  Tnis  will  include  further  work  with 
users  to  validate  a set  of  missions  requiring  space  nuclear  reactor 
systems  as  well  as  launen  and  spacecraft  interf ace/integration. 

o Mission  scenario  synthesis:  This  process  will  use  the 

validated  mission  data  to  develop  three  or  more  mission  scenarios 
categorized  into  the  near  term,  midterm,  and  far  term. 

The  fina.'.  stage  of  the  study  (power  system  synthesis)  will  consider 
technology  readiness  reiacive  to  mission  needs.  Three  power  systems 
will  be  conceptually  defined:  early  deployment  (late  1980s) , midterm 

deployment  (early  l990s) , and  late  deployment  (beyond  1955) . 

This  is  the  first  step  in  the  larger  process  of  establisning  tne 
mission  power  requirements.  But  when  one  considers  tne  large  lead 
times  to  develop  new  technology,  tnis  is  a very  critical  and  timely 
step.  Tne  results  of  tnis  study  should  provide  a valuaole  baseline 
for  further  planning  efforts. 


Continuing  SP-100  Effort 

As  noted  in  the  section  on  reactivation  of  space  reactor  development 
efforts,  the  SP-100  program  (originally  called  Space  Power  Advanced 
Reactor,  or  SPAR)  was  initiateu  in  1979  in  response  to  DOU  interest  in 
power  levels  of  10-100  kW(e)  and  reinforced  in  1981  by  NASA  interest 
in  power  levels  of  lOO  kW(e).  The  design  has  a nominal  output  r>f  100 
kW(e)  but  is  scalable  up  or  down.  It  is  a fast  reactor  fueled  with 
fully  enriched  UO2,  utilizing  heat  pipes  for  heat  transport  and 
therpoelectrics  for  power  conversion.  A moderate  amount  of  reactor 
design  work  has  been  done,  including  a successful  criticality 
experiment.  In  1981,  DOE  and  NASA  agreed  to  work  cooperatively  on  the 
system,  DOE  concentrating  on  the  reactor,  snield,  and  heat  transport 
system  and  NASA  assuming  responsibility  for  the  thermoelectric 
converter  subsystem,  including  the  radiator. 

The  core  evolved  from  the  use  of  heat  pipes  for  heat  removal  and 
nas,  as  a result,  a r.ovel  "inside  out"  fuel  element  configuration. 
Figure  A-5  shows  a heat  pipe  fuel  element  "module,"  the  equivalent  of 
a fuel  rod  in  a conventional  core.  Ttie  core  consists  of  120  of  tnese 
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modules  in  ciose-pacKed  cylindrical  array;  the  modules  closely 
approach  eacn  other  (some  clearance  is  left  to  accommodate  luel 
swelling)  without  any  separating  claa  or  coolant,  heat  is  thus 
extractea  centrally  from  each  "fuel  rod"  rather  than  from  the  external 
surface,  as  is  more  usual.  The  heat  pipes  are  constructed  of  Mo-13Ke, 
as  are  tne  attached  fins,  whicn  serve  to  reduce  tne  maximum 
t.mperature  in  the  UO^.  The  working  fluid  is  lithium.  The  heat 
pipes  extend  out  of  the  core,  through  or  around  a shadow  snield,  and 
radiate  to  the  thermoelectric  conversion  system.  Figure  A-6  shows  how 
the  neat  pipe  fuel  element  modules  are  assemoled  into  the  reactor; 
Figure  A-7,  now  the  reactor,  shield,  and  converter/radiator  are 
assembled  into  a power  system. 

Present  DOE  activities  are  focused  primarily  on  the  experimental 
development  or  the  neat  pipe  design  details  and  fabrication  methods, 
and  on  an  in-pile  irradiation  experiment  tnat  simulates  tne  heat  pipe 
fuel  element  module.  This  will  explore  fuel  swelling  in  this  novel 
com iguration  and  also  tne  benavior  of  the  heat  pipe  materials  in  an 
in-core  environment.  Tne  program  has  been  operating  at  $2  miliion/yr; 
continuation  at  only  a modestly  increased  level  for  the  next  3 years 
is  contemplated.  It  thus  amounts  to  a technology  development  effort 
rather  than  a serious  attempt  to  construct  a reactor  system  in  the 
immediate  future.  The  planning  process  to  be  described  in  the  next 
section  will  indicate  which  reactor  power  system  concept  should  oe 
pushed  to  flight  readiness.  T.iis  will  require  substantially  higher 
funding  than  tne  current  rate  of  expenditure. 


PLANNING  PROCr^ES 

Having  descrioed  tne  history  of  space  nuclear  power  and  its  current 
status,  it  is  worthwhile  considering  wnere  we  go  from  here.  It  is 
important  to  establish  in  the  oeg inning  a rational  planning  process  so 
tnat  future  space  nuclear  power  systems  will  meet  future 
requirements.  Figure  A-b,  wnicn  is  an  outgrowth  of  good  systems 
engine'^ring  practice,  is  a schematic  of  the  basic  process  one  should 
follow  in  developing  a rlignt-qualif i«rd  space  nuciear  power  system. 
These  are,  to  quote  Wilton  P.  Cnase,  "...the  irreducible  gross 
runctional  steps  which  must  be  followed." 


Mission  Assessment 

The  Key  to  good  design  is  to  estaolish  the  mission  requirements  at  the 
start  of  the  design  work.  This  scacement  sounds  so  obvious  as  to  be 
dismissed  by  most  designers,  yet  it  is  amazing  how  often  the  essential 
nature  or  tne  mission  requirements  is  forgotten.  Once  the 
requirements  are  estaolished,  che  designer  is  in  a much  better 
position  to  select  the  system  concept  to  satisfy  these  requirements. 

As  was  noted  in  the  section  on  the  current  status  of  space  reactors,  a 
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nuioDer  ot  studies  have  shown  the  need  for  larger  power  systems  to 
supply  power  to  future  space  missions.  Tnese  can  be  categorized  as 
follows: 

Orbital  applications: 

o Communications  systems  requiring  only  small;  low-power^ 
eartn-based  transmitters/receivet  s 

o Keiuote  sensing  of  the  eartn  (e.g.,  improveo  Lanasats) 
o Electrical  power  supply  for  large,  permanent,  manned  space  bases 
o Active  defense  systems. 

Space  exploration: 

o Nuclear  electrical  propulsion 

o Electrical  power  supply  for  manned  or  unmannea  deep-space  prooes 

o Electrical  power  supply  for  bases  established  on  planetary 

bodies  (lunar  surface.  Mars,  etc.). 

What  is  needed  now,  if  we  are  to  have  the  power  technology  availaole 
for  application  when  it  is  needed,  is  to  review  the  missions  that  are 
being  planned  and  determine  their  power  requirements.  An  improved 
understanding  of  mission  needs  is  required  in  order  to  expenu  further 
space  reactor  funds  effectively. 


Power  System  Tecnnology  Assessment 

As  was  indicated  in  the  section  on  reevaluation  of  s^ace  reactor 
technology,  a wiae  variety  of  power  system  concepts  are  possible, 
potentially  employing  a broad  spectrum  of  tecnnologies.  The  various 
potential  suosystems  exist  at  wioeiy  differing  degrees  ot  readiness. 
The  cost  in  time  and  dollars  to  develop  a flignt-ready  power  system 
will  vary  from  moderate  to  significant,  aepending  on  system 
complexity.  For  an  order  of  magnitude  guess,  one  might  estimate  10 
years  and  iJUU  million  for  a moderately  complex  system,  and  15-20 
years  and  $1,000  million  for  a complex  advanced  system.  It  would  be 
imprudent  to  embarX  on  any  such  development  effort  witnout  a firm 
understanding  of  mission  requirements. 

It  can  be  argued  that,  in  the  absence  of  well-defined  mission 
requirements,  efforts  ought  to  be  concentrated  on  some  of  the  more 
promising  technology  areas.  Tnis  is,  in  effect,  being  aone  at 
present,  with  work  going  on  directed  toward  heat  pipe  reactors  and  the 
evaluation  of  particulate  bed  reactors,  but  such  efforts  are 
innerently  limited,  first  by  tne  process  of  getting  budgetary  support 
for  nonmission  technology  and  second  by  natural  caution  and 
differences  of  opinion  among  planners. 

Some  areas  of  technology  suggest  substantial  benefits  in 
specialized  applications  but  also  suggest  high  costs,  which  mitigate 
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starting  any  effort  in  advance  of  nission  definition.  One  sued  area 
is  tne  droplet  radiator.  As  power  system  output  rises  beyond  a few 
megawatts,  tbe  weight  and  size  of  a conventional  radiator  dominate  the 
entire  system,  indicating  that  perhaps  a radical  new  approach  to  the 
problem  of  dumping  waste  heat  is  required.  The  droplet  radiator  may 
be  such  a new  approach.  But  it  promises  to  oe  a.  difficult,  expensive, 
and  lengthy  cevelopment  item.  Without  better  advanced  planning,  this 
suusystem  could  well  become  the  limiting  corponent  of  a required  power 
system  in  tne  next  decade. 

It  18  true  that  at  low  power  levels  some  time  can  be  bought  at  the 
price  of  perforntance.  Heavier,  snorter-lived  power  systems  can  oe 
developed  to  flight  readiness  by  deferring  obvious  technology 
improvements  to  a "Mark  II  version”  of  the  system.  But  the  ability  to 
follow  this  route  is  quite  limited.  In  most  attractive  system 
coix:epts,  time  ana  money  are  not  commutative,  Much  technology  remains 
to  be  developed,  and  much  of  the  effort  will  be  directed  to  system 
design.  Sound  engineering  practice  demands  an  understanding  of  system 
goals  in  advance  of  system  aevelopment. 


Selection  of  Candidate  Power  Systems 

Referring  to  Figure  8,  one  can  see  tnat  the  procedure  preferre.u  by 
DOB — and,  furtiier,  believea  by  DO.*^  to  be  the  only  sound  anu  prudent 
procedure  to  select  a space  nuclea.’:  power  system  for  development  at  a 
substantial  cost — is  (1)  to  understand  tne  requirement,  (2)  to 
synthesize  several  concepts  aole  to  meet  the  need,  and  (3)  to  select 
one  system  for  development  after  a careful  weighing  of  relative  costs 
and  oenefits  between  the  several  concepts,  ail  of  wnich  were  deemed 
capable  of  meeting  the  requirements.  Following  this  procedure,  bO£ 
therefore  solicits  an  expansion  of  mission  definition  efforcs  oy 
potential  users. 


Development  of  Reactor  Technology  and  neacturs 

Given  the  selection  of  the  preferred  pov;er  system,  as  described  in  the 
preceding  section,  it  becomes  the  function  or  tne  DOB  Office  of  Space 
Reactor  Projects  to  proceed  in  an  orderly  fashion  with  the  development 
of  the  reactor  suosystem  to  the  space  nuciear  power  system,  /vn  early 
step  in  this  process  wil  be  the  generation  of  an  "interface 
doc,unent,”  ciearly  defining  tne  functional  requirements  of  tne  reactor 
subsystem  and  describing  quantitatively  now  it  intergrates  witn  tne 
rest  of  the  power  system.  Typical  of  this  process  is  the  SP-100  power 
system,  in  which  DOB  is  responsible  for  tna  reactor,  tne  shield,  and 
tne  heat  transport  to  tne  conversion  system,  wnile  NaBA  is  responsible 
for  the  conversion  system  and  radiator. 

With  the  limit  of  DOB  responsibility  adequately  defined,  it  is 
possible  to  generate  an  integrated  plan  to  cover  the  sequential 
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development  of  ail  Key  components,  includln9  such  technology 
develop>:;..;t  and  verification  as  is  required  to  support  the  reactor 
system  development.  The  reactor  aesign  will  be  continuously  refined 
and  updated  as  the  component  perforF-\nces  are  better  established. 


OOb  READINESS 

DOE  is  charged  by  law  wich  responsibility  of  all  reactor  development 
programs.  DOE  has  had  years  of  experience  with  the  develor'ienn  of 
many  specialized  reactor  systems,  prototypical  of  space  nuclear  power 
systems.  This  worK  has  been  acconplished  through  the  efforts  ' many 
people- -managers,  engineers,  craftsmen,  technicians — in  the  national 
laboratories  and  in  private  industry.  National  laboratories  that  have 
been  particularly  active  ir<  the  field  of  sp:;ce  nuciear  power  include 
Los  Alamos,  OaK  Ridge,  Savannah  River,  BrooKhaven,  Livermore,  Argonn«: 
Sandia,  Hanford,  Idahc>  National  Engineerin'j  Laboratory,  <>nd  the  rtounv'- 
Facility.  Industrial  participants  range  from  very  large  to  quite 
small  and  include  General  Electric,  Westingnouse,  Rockwell 
Internatioral,  Aerojet,  General  Atomic,  TRW,  Thermo  Electron,  Teledyne 
Energy  Systesa,  Fairc.":.' Id  Industries,  and  many  others.  These 
widespread  activities  have  created  over  tne  years  a large  and 
diversified  population  of  technical  experts  wich  interest  and 
experience  in  advanced  nuclear  power  systems.  This  resource  is 
waiting  to  be  reengaged  and  roairected  in  a new  effort  to  put  nuclear 
reactor  power  to  work  in  space. 
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FIGLKE  1 Space  nuclear  power  and  evolving  mission  requirements. 


FIGURE  2 Schrmatic  diagram  of  the  Dynamic  Isotope  Power  System 
(DIPS)  . 


FIGURE  3 Nuclear  Integrated  Multimission  Spacecraft  (NIMS) 
concept,  incorporating  DIPS. 
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FIGURE  4 Rotating  Fludized  Bed  Reactor  concept  (early  rocket 
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FIGURE  5 Heat  pipe  fuel  element  module,  SP-lOO  reactor. 


FIGURE  6 SP-100  nuclear  reactor  power  system 
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FIGURE  7 SP-100  nuclear  reactor  power  system. 
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FIGURE  8 Basic  steps  in  system  planning  and  development. 
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In  the  past,  space  energy  needs  have  oeen  relatively  modest  and  have 
been  met  by  well-under stooo  but  expensive  technology  such  as  primary 
tuel  cells,  solar  arrays  with  batteries,  and  radioisotope 
toe rmoeiec trie  generators.  As  operations  with  the  Space  Shuttle 
expand,  we  face  an  age  when  the  cost  and  difficulty  of  supplying 
energy  could  very  weii  become  a practical  limit  to  mankind's  endeavors 
in  space.  This  paper  discusses  a nuaoer  of  possible  applications  of 
nigh  energy  in  space  and  explores  the  potential  role  of  nuclear 
reactor  power  systems  in  satisfying  suen  needs.  Since  none  are 
requiresMnts  at  present,  they  should  be  viewed  as  justification  fo<: 
tecnnology  development,  not  for  system  development. 

Figure  1 illustrates  the  space  energy  demand  over  the  short  history 
of  the  U.S.  space  program  since  1966.  energy,  that  is,  power  times 
design  mission  duration,  is  plotted  for  each  of  several  National 
Aeronautics  and  Space  Administration  (NASA)  and  civil  missions  against 
launch  year.  It  is  noted  that  for  tnese  past  missions,  total  energy 
requirements  have  oeen  modest,  with  peak  demand  in  the  range  of  a few 
tens  of  tnousands  of  kilowatt-hours  (kWh) , and  in  all  cases  less  than 
50,000  kWh.  In  tne  following  discussion,  a number  of  possiole  future 
missions  are  reviewed,  each  of  whicn  demands  total  energies  much 
greater  tnan  this.  Many  of  these  missions  also  require  energy  system 
cnaracteristics  that  are  different  from  those  of  past  systems  and  that 
at  this  time  appear  to  be  best  satisfied  by  the  nuclear  fission  option. 

We  have  pushed  back  frontiers  in  space  with  tne  early  Earth  orbital 
missions  and  with  missions  to  the  Moon,  Mars,  Venus,  and  Mercury. 
Recently,  we  have  had  success  in  tne  Pioneer  and  Voyager  missions  to 
tne  giant  outer  planets  Jupiter  and  Saturn.  Ir  the  Voyager  2 
spacecraft  continues  to  function  properly,  we  may  expect  to  see  our 
first  detailed  views  of  Uranus  in  1986,  and  possibly  even  of  Neptune 
in  1989,  some  12  years  after  tne  launen  of  tne  spacecraft.  Such 
missions  are  bold  precursors,  leaving  many  important  scientific  issues 
unresolved  even  after  years  of  exploration.  For  example,  giver,  the 
planned  Ualileo  mission  to  Jupiter,  we  know  that  a number  of  questions 
will  reuin  about  tne  aetails  of  that  body.  As  for  distant  Saturn, 
wnile  a spacecraft  similar  to  Galileo  could  characterize  certain  ring 
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dynaalca,  it  ia  likely  that  aevecal  queationa  reqarding  Saturn 'a  ringa 
will  atill  be  unreaolvea.  Theae  queationa  deal  witn  the  origin  and 
proceasea  of  ring  foraation  and  coapoaition,  aa  well  aa  the  nature  of 
the  ring  particlea  tneaaeivea,  ana  will  likexy  reaain  until  there  are 
detailed  ooaervations  of  individual  ring  particlea  and  in  aitu 
coaposition  aeaaureaenta  of  the  particlea  and  tneir  iaaediate 
environaant.  The  exploration  of  Saturn* a rings  la  very  iaportant  to 
the  understanding  of  tne  creation  and  evolution  of  Saturn  ana  its 
aatellite  syatea.  Mhiie  the  ringa  are  only  a auil  part  of  the  ntass 
of  toe  ayateai,  their  existence  aust  be  accounted  for  in  any  coaplece 
tneory . 

A possible  aisaion  to  renaezvous  with  Saturn's  rings  has  been 
studied  and  is  illustrated  in  Figure  2.  This  Mission  eaploye  a 
nuclear-powered  electric  propulsion  system  that  takes  it  froa  c;arth  to 
Saturn  in  about  8 years.  Upon  reacoing  the  vicinity  of  Saturn,  it 
spirals  in,  in  tne  plane  of  the  rings.  Once  reaching  tne  outeriaost 
ring,  it  aligns  its  thrust  vector  slightly  toward  the  ring  plane, 
which  boosts  it  above  the  ring  plane  in  a non-Kepierian,  amor  circle 
orbit.  Still  spiraling  in  towara  Saturn,  the  spacecraft  <«ove8  above 
the  rings  at  a distance  of  only  1-2U  ka.  In  about  285  days,  the 
spacecraft  reaches  the  innermost  ring  after  having  made  detailed 
observations  spanning  the  entire  ring  systea.  a ballistic  mission, 
even  without  the  ability  to  continually  stay  above  the  ring  plane, 
would  require  about  a quarter  of  a million  kilograms  oi  propellant  to 
acoieve  an  orbit  inside  the  inneracst  rings.  Nuclear  po%#er  and 
electric  propulsion  thus  would  make  this  mission  possible.  It  is  the 
only  practical  way  it  can  be  done.  It  must  be  noted  that  such  a 
mission  demands  an  energy  expenditure  of  5 million  KWh. 

Missions  to  the  far  outer  planets — Uranus,  Neptune,  and  Pluto — have 
long  flight  times.  Voyager  2 will  reach  Neptune  12  years  after  launch 
after  completing  gravity  assists  by  the  major  bodies  Jupiter,  Saturn, 
and  Uranus.  Ballistic  orbital  missions  to  Neptune  will  take  much 
longer  because  of  the  requirement  for  low  orbit  insertion  energy, 
which  in  turn  requires  a low  approach  velocity.  Just  such  a mission 
nas  been  studied  utilizing  a Galileo-derived  spacecraft  that  would 
launch  in  1981  and  utilize  a Jupiter  swingby,  arriving  at  Neptune  some 
20  l/^  ysars  after  launch.  Clearly,  such  missions  would  require  more 
continuity  in  progransning  than  we  can  anticipate  ac  tnis  time, 
dowever,  the  graph  in  Figure  3 illustrates  that  nuclear  power  in 
conjunction  with  electric  propulsion  may  enable  such  interplanetary 
missions  to  be  flown.  Payload  versus  flight  tiaM  to  Neptune  is  shown 
for  three  levels  of  nuclear  systea  power  per  unit  mass — specificali y, 
40,  30,  and  20  W/kg.  A reference  mission  of  this  type  that  nas  been 
studied  in  some  detail  can  achieve  nigner  net  pi.yload  for  a flight 
tire  of  about  12  yeara  chan  can  the  ballistic  Galileo  type  mission. 

In  general,  it  can  oe  stated  that  nuclear  reactor  technology  cuaibined 
witn  electric  propulsion  permits  practical  flignt  times  for  far  outer 
planet  orbital  missions.  The  benefits  of  sucn  flight  time  reduction 
are  not  limited  to  increased  confidence  in  tne  reliability  of  the 
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spacecraft.  Tne  investment  required  to  build  such  a vehicle  can  be 
postponed  with  no  loss  in  results,  or  the  benefit  can  >'>e  captured  aucn 
sooner.  Tne  total  energy  required  for  such  a mission  is  also  of  the 
order  5 million  kWn. 

Direct  Broadcast  Satellite  (DBS)  is  an  extension  of  current 
communication  satellite  technology.  In  one  version,  it  enablec 
terrestrial  broadcast  stations  to  transmit  to  a geosynchronous 
satellite  relay  system  and  directly  linx  with  the  user  by  means  of  a 
home  antenna  1 m in  diameter  or  less.  As  evidence  of  the  advances  of 
tnis  technology,  the  Federal  Communications  Commission  (FCC)  iias 
recently  adopted  interim  DBS  services  rules  for  tne  auchorization  or  a 
variety  of  TV  broadcast  services  in  the  continental  United  States 
(CONUS)  and  beyond.  Thus  one  corporation,  for  example,  will  nave 
permission  to  operate  four  satellites  spaced  20°  apart  along  the 
geostationary  arc  to  service  areas  in  the  CONUS  tnat  are  approximately 
tne  size  of  tne  time  zones. 

Economies  of  scale  and  congestion  in  geosynchronous  orbit  may 
eventually  dictate  consolidation  of  tne  direct  broadcast  system  into 
fewer  satelites  than  present  technology  permits.  The  Advanced  Direct 
Broadcast  Satellite  (ADBS)  depicted  in  Figure  4 represents  a possible 
second  or  tnird-generation  direct  broadcast  concept.  Tne  grapn  in 
Figure  4 illustrates  the  trade-off  between  geosyncnronous  antenna  size 
and  available  power  for  AdBS,  assuming  fixed  receiver 
characteristics.  Nuclear  space  power  should  enhance  tne  economic 
viability  of  ADBS  oy  providing  inexpensive,  nign  transmitter  power 
along  with  energy  to  electric  propulsion  engines  for  L£0-to-G£U  (low 
earth  orbit  to  geosyncnronous  earth  orbit)  transfer  and  station 
keeping.  A nuclear  reactor  power  system  would  permit  operation  of 
ADBS  in  optimum  longitude  bands  currently  unattractive  owing  to  earth 
eclipse  periods.  (Near-term  DBS  satellites  will  operate  in  far 
western  longitudes  to  ensure  tnat  jclipse  periods  occur  after  local 
midnight.)  The  concept  illustrated  would  require  some  1.3  million  kWn 
for  Doth  broadcast  ano  station  keeping  over  a 10-year  period. 

Figure  5 illustrates  a large  manned  orbital  facility  that  could 
operate  in  DEO  for  space  industrialization  and  utilization  of 
resources  in  tne  next  century.  Such  a facility  could  require 
capabilities  well  beyond  those  of  the  space  station  currently 
contemplated  for  the  l!i>90s.  Three  key  benefits  of  nuclear  power 
systms  for  manned  orbital  facilities  are  reduction  of  tne  drag  makeup 
energy  requirements,  reduction  of  tne  interactions  of  the  power  system 
with  the  attitude  control  system,  and  eluuination  of  orientation 
requirements.  For  exan^)le,  drag  makeup  propellant  resupply 
requirements  are  proportional  to  the  area  of  the  manned  orbital 
facility.  The  graph  in  Figure  5 illustrates  the  difference  in  area 
for  a nuclear  versus  a solar  array/battery  system  as  a function  of 
power  level.  A significant  reduction  in  projected  area  accrues  from 
the  utilization  of  nuclear  power  systems,  wnicn  in  turn  reduces  drag 
and  the  amount  of  propellant  needed  for  orbital  altitude  maintenance. 
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It  in  difficult  to  estiMte  total  energy  reguirementa  for  such  a 
future  facility,  but  some  ctudies  have  suggested  demanas  as  higii  as  20 
Billion  kWh  for  an  early  2lst  century  undertaking. 

On  the  earth  it  has  beer,  found  to  be  economical  to  generate  power 
at  a central  station  and  distribute  it  over  transmission  lines  to  the 
user.  Snould  a space  power  system  be  available  that  offers  such 
econoaies  of  scale  in  contrast  to  solar  arrays,  a central  power 
station  in  space  may  oe  practical.  Studies  of  this  concepc  that  have 
been  done  to  date  have  suggested  tnat  very  high  demand  scenarios  must 
exist  before  econonic  benefit  will  result.  In  technology  programs,  we 
have  begun  to  address  power  transmission  in  space.  Such  a concept 
would  eliminate  tne  requirement  for  each  spacecraft  to  maintain  a 
complete  power  generation  system,  carrying  in  its  stead  an  energy 
rec'^iver.  Figure  6 illustrates  this  concept,  and  the  inset  snows  the 
dependence  of  required  antenna  size  versus  transmission  distance  on 
tne  wavelength  of  the  radiated  energy,  doth  microwave  and  laser 
systems  appear  to  be  candidates,  l>ut  the  required  nigh  efficiencies 
have  to  date  been  demonstrated  only  for  microwave  systems.  The 
central  power  station  depicted  requires  an  energy  of  L llion  kWh. 

Recent  studies  projecting  to  the  year  2UU0  show  a tenrola  to 
hundredfold  increase  in  annual  spacecraft  mass  delivered  to 
geosyncnronous  orbit.  Propellant  requirements  for  chemical  tugs  may 
become  sufficient  to  justify  a nuclear-powered  orbit  transfer  vehicle 
(OTV)  even  tnough  such  an  approach  carries  with  it  suostantiai  trip 
time  p«?ualty. 

Figure  7 snows  payload  in  geosyiKrhronous  oroit  versus  one-way  trip 
time  of  a round-trip  nuclear  tug  mission.  These  data  are  presented 
for  varying  levels  of  tecnnology.  The  conservative  curve  snows  flight 
time  versus  payload  capability  for  nuclear  power  tecnnology  based  on 
tnermoelectrics  operating  at  a not  junction  '.emperature  of  1275  K witn 
a figure  of  merit  of  0.7  x 10“-^  K~^;  the  improved  curve  assumes  1 
X 10~3  |(-1  1350  K,  and  tne  advance  curve  assumes  i.4  x 10~^ 

ana  1525  K.  Tne  points  along  tne  curves  snow  optimum  power 
required  for  the  best  electric  thrust  subsystem  needed  for  each 
coodsination  of  payload  and  flight  time  to  CsliO. 

Nuclear  performance  can  oe  compared  to  chemical  OTVs  envisioned  in 
the  future.  For  example,  a 100-kW  nuclear  electric  propulsion  (N£P) 
tug  oasea  on  near-term  tecnnology  can  place  a 5,600-kg  payload  in 
geosyncnronous  oroit  in  aoout  2t>U  days.  A cnemical  tug  couia  place 
tne  same  payload  in  U£U  in  a few  nours,  but  it  requires  t.he  shuttle  to 
deliver  lb,UUU  kg  of  propellant.  For  cne  sara*;  snuttle  cargo  mass  or 
21,600  kg,  a nuclear  tug  could  deliver  r-«o  payloaas  insteaa  of  one. 
Were  tnis  capacity  sold  to  anotner  use.',  it  would  increase  the 
economic  efficiency  of  operating  tne  snuttle  by  a factor  of  2. 

Provided  flignt  time  penalty  is  accepcaole,  a nuclear  tug  couia 
tnerefore  serve  to  eitner  increase  payload  c»pability  or  improve  the 
economic  efficiency  ot  the  snuttie.  For  a lifetiM  of  eight  round 
trips  such  a tug  would  require  ot  tne  oraer  or  6 million  kWh. 
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As  indicated  earner , by  tne  year  2000 » the  nass  of  equipaent  bein9 
placed  in  geostationary  orbits  annually  may  be  lO-iOO  tines  tne 
current  level,  utaKing  space  transportation  a multibillion-doliar 
industry.  Assuming  a continued  reliance  upon  nyarogeit/oxygen  upper 
stages,  nearly  75  percent  of  the  mass  launched  iron  the  earth  is  in 
the  form  of  propellant,  witn  pernaps  3U0  t/yr  of  oxygen.  In  terms  of 
energy  required  for  transport,  tne  moon  is  10  times  closer  to  LEO  than 
the  earth's  surface.  As  indicateo  in  Figure  8,  stuoies  are  unaer  way 
of  the  feasibility  of  processing  lunar  material  into  oxyg«n  for  use 
tor  eventual  transportation  and  use  at  LEO.  Tnese  stuaics  inoicate 
tne  need  for  nigh  electrical  power,  from  100  kW  to  several  megawatts, 
and  assume  the  use  of  pnotovoltaic  technology.  Howevi«r,  because  of 
the  2-week  lunar  dark  perioo  the  duty  cycle  is  only  50  percent  for 
this  system.  A nuclear  reactor  system  coulo  increase  this  to  100 
percent.  This  is  only  the  most  recent  scenario  suggesting  the 
desirability  of  a lunar  base;  there  are,  of  course,  many  others  titat 
invoke  manufacturing  or  exploration  as  motivations,  in  any  event, 
there  is  no  doubt  that  such  a venture  woulu  demana  very  hign  energy 
requirements:  in  one  recent  estimate,  1 billion  kMh. 

In  Figure  9,  the  energy  requirements  for  these  few  missions  are 
overlaid  on  the  historical  basis  previously  displayea  in  Figure  1.  It 
is  evident  from  the  orders  of  roagnituoe  involved  tnat  supplying  sucn 
demand  will  be  an  enormous  cnallenge.  It  is  equally  evident  chat  it 
is  extremely  important  to  examine  alternative  system  approaches  in 
preparing  for  the  future.  If  terrestrial  commercial  energy  costs  of 
rougnly  10  cents/xWh  were  attainaoie  on  tne  moon,  a lunar  Dase  would 
cost  around  $10  million/yr  to  operate.  At  tne  current  space  cost  of 
aoout  $l,u00/kWh  shown  in  Figure  10,  the  oiil  would  be  over  $l0u 
billion/yr  for  operations.  For  sucu  missions  as  we  nave  oeen 
discussing  to  be  at  all  practical,  much  lower  unit  energy  costs  must 
be  acnieved.  Technological  change  as  well  as  economies  in  scale  must 
be  invoked,  wnen  it  is  realized  that  tne  total  power  installed  in 
space  to  date  for  civil  missions  is  of  tne  order  of  100  kM,  tne  need 
for  practical  alternatives  to  meet  the  demands  of  tnis  new  age  are 
snarply  reinforced.  The  nuclear  option  is  clearly  one  sucn 
alternatives. 

desides  offering  cost-effectiveness  and  permitting  operations  to  be 
carried  out  in  the  fartnermost  regions  of  the  Solar  System,  nuclear 
space  power  makes  possible  operations  in  some  nazardous  environments 
sucn  i\s  tne  earth's  Van  Al'an  belts.  Figure  11  sncws  power  per  unit 
mass  tor  nuclear  and  solar  power  systems  operating  for  lU  years  as  a 
function  of  earth  orbit  altitude.  It  illustrates  the  effect  of  the 
earth's  radiation  oelts  on  the  specific  power  of  soiar  energy  storage 
systems  for  levels  of  technology  ranging  from  solid  substrate  silicon 
arrays  with  nickel  cadmium  batteries  to  advan>ced  fiexioie  arrays  with 
regenerable  fuel  cell  storage.  Tne  nuciear  system  has  constant 
specific  power  throughout  this  altitude  range.  Ine  nuciear  specific 
power  band  covers  the  ranges  of  technology  discussed  previously.  The 
oenefitb  of  nuciear  power  are  clear  tor  tnis  case,  it  will  permit 
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more  effective  operation  in  a region  of  near-eartn  space.  Tne  mass 
advantage  suggested  for  nuclear  systems  on  tnis  chart  is  expected  to 
become  even  more  pronounced  at  higher  power  levels. 

Figure  12  illustrates  some  of  the  technology  issues  that  must  be 
resolved  if  nuclear  reactor  power  systems  are  to  be  considered  for 
practical  use  in  space.  Beyond  the  reasonably  weii  understood  nuclear 
reactor,  heat  transport,  safety,  ano  associated  radiation  shielding 
technological  issues  are  a broad  range  of  critical  thermal-to-electric 
conversion  and  system  questions  that  require  research  and  technology 
efforts.  For  example,  regarding  energy  conversion,  research  is  needed 
on  advanced  thermoelectric  materials  as  well  as  on  alternative 
approaches  tnat  would  permit  nigher  efficiencies  at  lower 
temperature.  The  achievement  of  lightweight  thermal  control  may 
require  the  use  of  materials  such  as  composites  whose  properties  in 
such  applications  are  not  adequately  understood.  New  neat  rejection 
concepts  nave  been  suggested  tnat  could  dramatically  influence  overall 
system  approaches,  and  they  should  be  investigated.  Dynamics  of  the 
large  bodies  to  be  flown  are  liKely  to  demand  advances  in  distributed 
active  control.  There  are  serious  concerns  about  ineractions  with 
natural  or  induced  environments — ranging  from  venicle  charging  to 
radiation  to  space  plasma  effects — that  demand  code  development  to 
permit  adequate  prediction  and  design  criteria  to  be  estaolished. 

Power  management  techniques  and  nigh-voltage  components,  such  as 
transistors,  capacitors,  earning,  and  connectors,  need  to  oe  made 
available  at  power  levels  and  vadiation  hardness  levels  consistent 
with  expected  environments.  Compatibility  with  shuttle  and  manned 
operations  needs  to  be  established.  A comprenensive  technology 
program  must  be  structured  so  as  to  resolve  this  broad  range  of  issues 
in  the  context  of  possible  applications. 

To  summarize,  nuclear  reactor  space  power  systems  have  the 
potential  of  being  less  massive  for  high-power  applications  than  solar 
array  systems,  of  being  more  capable  of  surviving  penetrating  high 
radiation  environments,  and  of  enabling  missions  to  oe  lanncned  to  the 
outer  reaches  of  the  Soler  System.  Nuclear  space  power  systems  also 
offer  tne  potential  of  being  less  costly  at  high  power  levels  than 
some  alternative  forms  of  space  energy. 

It  IS  clear  that  realization  of  the  promise  of  space  depends 
largely  on  tne  availaoiiity  of  abundant,  relatively  low  cost  energy. 
Nuclear  space  power  appears  to  be  one  option  that  could  meet  future 
demands  at  lower  cost  for  high  power  levels  and  as  suen  is  deserving 
of  further  study.  Now  is  tne  appropriate  time  to  advance  the 
tecnnoiogy  base  to  permit  a more  complete  understanding  of  tne  nuclear 
space  power  option. 
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FIGURE  2 Rendezvous  with  Saturn's  rings 
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FIGURE  5 Mcinned  orbital  facility. 


FIGUKE  6 Central  power  distribution. 
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FIGURE  8 Future  lunau:  base. 
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FIGURE  10  Space  energy  costs. 
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FIGURE  12  Nuclear  space  power  cechnical  issues . 


bPACb  NUCUJ^  KEAC'i'OK  PUWhR  APPLICATIONS 


K.  V.  LIAS 

Locicneed  Missii.es  and  space  Coapany,  Incorporated 
Sunnyvale,  Caiitornia  940tt6 


INTRODUCTION 

A review  o£  pro3ected  space  po%rer  system  design  requirements  tor  tne 
time  period  to  1995  nas  been  perforated  witn  the  view  of  evaluatinq  the 
impact  of  these  requireoients  on  the  potential  use  of  nuclear  reactor 
power  systems  and  alternative  solar  photovoltaic  power  sources. 
Emphasis  was  placed  on  atcemptinq  to  define  tne  space  missions  that 
would  dictate  the  utilization  or  nuc..ear  reactor  power  systems.  In 
addition,  tne  constraints  and  concerns  tne  reactor  system  user  would 
tnen  nave  to  deal  with  were  addressed.  The  review  includes  tne  space- 
craft military  tnruat  environments  as  well  as  the  projected  power 
system  performance  requirements  in  order  to  consider  as  many  appro- 
priate power  system  selection  factors  as  possible. 


t>PACt.  MISSION  POWbK  REOUlkfiMENT 

Projections  of  near-  and  long-term  requirements  for  space  power  are 
found  in  several  sources.  Table  1 contains  a representative  list  of 
tnese  sources.  Kepresentative  papers  discussing  space  power  projected 
technology  advances  against  projections  of  space  power  requireamnts 
are  those  oy  uarthelemy  and  tlonneywell  (19b2)  and  Muliin  et  ai. 

(1982) . It  IS  noted  that  tne  requirements  are  defined  oy  tne  purpose 
of  tne  proposed  spacecraft  mission  and  that  the  candidate  design 
solutions  are  proposed  oy  various  governotent  and  industry  eleo«nts 
specializing  in  tne  applicable  technology.  Taoie  2 is  a list  of 
representative  sources  of  advanced  space  power  system  capabilities, 
either  deiaonstrated  or  forecast.  The  military  space  system  missions 
can  oe  classified  as  shown  in  Table  J. 

In  addition  to  power  system  characteristics,  tne  projected  military 
space  missions  will  be  exposea  to  a variety  of  physical  threats.  Tne 
principal  threats  are  laentified  in  Table  4.  Tnese  threats  and  tneir 
impact  on  candidate  power  systems  are  discussed  briefly  below.  An 
unambiguous  definition  of  threats  and  levels  of  protection  is  not 
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TABLE  1 Sources  of  Space  Power  Requirements  Definition 


1.  Air  Force  technical  objectives  documents 

2.  Requests  for  proposals  for  space  systems  (NASA  anc?  UOU) 

3.  NASA-  and  OOD-prepared  papers  in: 

American  Institute  of  Aeronautics  and  Astronautics  (AlAA) 
proceedings 

lECEC  proceedings 

IKES  Pnotovoltaics  Specialist  Conferences 

4.  NASA  and  OOD  participation  in  AIAA  technical  committees 

5.  NASA  and  OOU  space  system  technology  workshops 

Military  space  system  tecnnology  workshops 
NASA-OAST  presentation  at  workshops 

6.  Contractor  proposals  for  advanced  space  systems  in  the  open 
literature. 

7.  NASA  and  DOD  participation  in  tecnnical  conferences,  such  as  the 
EIA  Space  Electronics  Conference. 


NOTE:  NASA,  National  Aeronautics  and  Space  Administration;  DOD, 

Department  of  Defense;  AIAA,  American  Institute  of  Aeronautics  and 
Astronautics;  lECEC,  Intersociety  Energy  Conversion  Engineering 
Conference;  IEEE,  Institute  of  Electrical  and  Electronics  Engineers; 
NASA-OAST,  NASA  Office  Of  Aeronautics  and  Space  Technology;  EIA, 
Electronics  Industries  Association. 


practical  at  tnis  time,  because  some  threats  are  only  now  evolving. 
The  definition  effort,  however,  is  ongoing. 


Nuclear  Threat 

Tne  Joint  Chiefs  of  Staff  (JCS)  Guidelines  have  provided  criteria  for 
hardening  levels  in  satellite  designs.  Reference  levels  for  the  X-ray 
environments  nave  been  established.  The  other  components  of  the 
nuclear  threat  are  the  gamma-ray  dose,  the  neutron  fluence,  tlie 
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TABLt;  2 Sources  of  Advanced  Space  Power  System  Capabilities 


1.  Reports  on  technology  development  studies  and  testing 

Contractors  (government  funded) 

NASA  center 

DOU  laboratories 

National  laboratories 

Universities 

DOE 

2.  Contractor  and  goverranent  briefings  on  funded  ana  in-nouse 
technology  development 

3.  NASA  and  DOD  space  system  technology  workshops 

4.  Papers  in: 

lECEC  proceedings 

IEEE  Photovoltaics  Specialist  Conference  proceedings 
ElA  Space  Electronics  Confereroes 
DARPA  Strategic  Space  Symposia 


NOTE:  NASA,  National  Aeronautics  and  Space  Administration;  DOD, 

Department  of  Defense;  DOE,  Department  of  Energy;  lECEC, 
Intersociety  Energy  Conversion  Ergineering  Conference;  IEEE, 
Institute  of  Electrical  and  Electronics  Engineers;  EIA, 
Electronics  Industries  Association;  DARPA,  Defense  Advanced 
Research  Projects  Agency. 


system-generated  electromagnetic  pulse  (SGEMP)  associated  with  the 
above  radiation,  the  dispersed  electromagnetic  pulse  (DEMP) , and 
debris-induced  garuiua  rays.  Trapped  fission  electron  hardening  is 
provided  for  in  these  guidelines.  Since  12  cal/g  will  melt  solder, 
the  use  of  solar  cell  welding  for  array  assemoly  has  been  adopt  tor 
hardened  designs.  The  neutron  damage  is  principally  in  the  foru.  of 
atomic  displacement,  resulting  in  some  degradation  in  solar  cell 
performance.  SGEMP  is  the  collection  of  X-ray-induced  interactions 
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TAbLK  i Military  Space  Syaten  Missions 

CooBuinicatiuns  (10-100  kW) 

Laser  conununication  with  submarines 
Space-based  electronic  januners 
Keal-time  battle  communications 
Control  of  remotely  piloteo  vehicles 
Navigation  (1-10  kW) 

Weather  (1-10  kW) 

Real-time  weatner  display  for  aircraft 
Tactical  :;upport 
Surveillance  (10-100  kW) 

Space-based  radar  to  track  ships,  missiles,  aircraft, 
and  satellites 

Infrared  trackers  for  missiles,  aircraft,  and  satellites 
Directed-energy  weapons  (lO-lOO  MW) 

Uigh-energy  lasers 
Particle  beams 


and  effects  that  create  a loc;'l;zed  electromagnetic  environment.  This 
‘'nvironment  can  induce  unv^anted  signals  in  electronics.  The  solution 
OL  problems  caused  by  SGEMP  is  complex,  but  better  analysis  and 
modeling  techniques  are  being  devised. 

DEHP  results  from  the  interaction  of  an  electromagnetic  pulse  from 
a iigh-altitude  exoatmuspneric  nuclear  detonation  that  is  propagated 
t.irougn  the  ionosphere  to  a satellite.  The  geometry  of  the  threat 
limits  Its  significant  effects  to  satellites  with  tneir  lines  of  sight 
througn  the  ionosphere  to  tne  burst  point.  Solar  arrays  require 
circuit  protection  techniques  to  withstand  EiAP,  usually  at  the  cost  of 
a weight  penalty. 
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TABU::  4 Satsliit*  Threats 

1.  Space-based,  airborne,  and  yicund-based  lasers 

2.  Space-based  particle  beaas 

3.  Nuclear  weapons 

Gamma  rays 
Neutrons 
Debris 
X-rays 

Electron  effects,  trappea  electrons,  SGEMP,  UEMP 

4.  Nonnuclear  antisatellite  warfare 


Trapped  electrons  are  those  containeu  in  the  earth's  magnetic 
fields.  These  fluences  can  oe  enhanced  by  the  addition  of  high-energy 
fission  electrons  (200  aeV  and  above) . The  enhanced  electron 
environment  is  long  lasting  and  can  result  in  douoling  the  dose  to 
satel  itea  at  sensitive  altitudes.  In  addition,  the  electrons  can 
create  charge  buildups  in  internal  satellite  dielectrics,  if  tne 
charge  exceeds  the  dielectric  breakdown  strength  of  ihe  material,  a 
discharge  may  occur,  possibly  burning  out  electronics  components. 
Spacecraft  charging  can  be  caused  by  low-energy  ambient  electrons 
interacting  with  dielectric  surfaces  such  as  paints,  thermal  control 
blankets,  and  solar  cell  cover  slides.  The  general  threat, 
electron-caused  EMP  (ECErtF) , is  not  yet  well  understood  or  defined. 

''ebris  is  tne  ionized  material  created  from  tne  vaporized  materials 
and  casing  of  tne  weapon.  Above  a few  hundred  kilometers  in  a'<nituae, 
tne  debris  is  not  contained  by  the  residual  atmosphere  and  magnetic 
fields  out  is  ionized  and  may  collect  on  a negatively  cn..xged 
satellite.  Dose  rate  effects,  rather  than  total  dose,  lasting  a few 
nours,  are  possiole  when  radioactive  debris  plates  out  on  the  surface 
of  a satellite. 

Tne  hardening  of  solar  array  power  systems  for  the  nuclear  threat 
IS  somewhat  expensive  and  limited  with  present  materials,  but 
significant  threat  levexs  can  be  survived.  The  roactor  power  system 
is  designed  witn  materials  that  can  withstand  nuclear  radiations,  and 
tne  power-generating  element  is  not  as  susceptible  to  nuclear 
radiation  as  the  solar  cell.  The  reactor  system  radiator 
thermal-optical  performance,  after  tne  deposition  of  the  X-ray  energy. 
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must  D*  ‘lept  at  acceptable  levels.  It  is  assumed  t^.at  hai.Jenin^'  of 
electrical  and  electronic  systems  in  the  two  power  sources  would 
present  the  same  problems. 


Laser  Threat 

A large  number  of  survivability  techniques  have  been  defined  for  the 
laser  tnreat.  It  is  apparent  that  the  designer  has  a significant 
number  of  options  in  solving  the  heat  rejection  problem  associated 
with  certain  levels  of  laser  tnreat;  however > witn  a solar  array « the 
available  options  are  quite  limited  owing  to  the  function  of  the  array 
and  tne  materials  availab. . to  acnieve  this  function.  Laser  threat 
naruening  pensalties  for  solar  power  systems  may  exceed  50  percent 
under  some  engagement  scenarios. 

A balanced  application  of  survivability  levels  to  all  satellite 
subsystejis  is  required,  as  a highly  hardened  element  of  the  satellite 
coDoared  to  a lower  requirement  for  another  component  would  not  be 
cost-effective.  The  trend  is  toward  higher  survivability  levels. 
Furtnermore,  some  potential  satellite  maneuvering  requirements  can  be 
in  the  0.001-0.1  "g”  range,  those  ir  the  upper  end  of  this  range 
causing  significant  weight  penaltie  for  solar  arrays. 


POWER  SOURCES  FOR  MISSION  CONCEPTS 

The  tecnnology  status  and  projected  advances  for  tne  solar 
array/battery  space  power  systems  are  described,  for  example,  in 
Koenig  and  Ranken  (x\iQ2)  , Lockneed  Missiles  and  Space  Co.,  Inc., 

(1982) , Mahefkey  (1982) , Malbandian  and  French  (1982) , Mullin  et  al. 
(1982) , ana  Scott- qonck  (1982) . The  projected  technology  for  solar 
power  systems  is  snown  in  Figure  1;  that  for  reactor  power  systems  is 
shown  in  Figure  2,  and  papers  by  buaen  and  Angelo  (1982)  and  Powell 
and  botts  (1982)  support  this  projection.  The  two  curves  in  Figure  2 
represent  projections  based  on  low  and  high  funding  levels  affecting 
the  time  at  which  a particular  performance  level  is  predicted  to  be 
achieved.  Tne  predicted  reactor  power  system  performance  in  both 
specific  power  and  power  level  versus  time  is  decidedly  better  than 
tnat  expected  for  the  solar  array/battery  system. 

Nuclear  fission  reactors  for  spac<  ».'ower  saw  considerable 
Development  in  the  1960s,  particularly  tne  SNAP-lUA  (500  W(e)),  which 
was  flight  tested,  and  tne  SNAP-8,  whose  development  was  terminated 
wnen  firm  missions  could  not  be  identified.  The  zirconium-hydride- 
enriched  235g  fuel  used  in  these  systems  can  be  considered  state  of 
the  art.  Development  of  reactor  systems  for  space  power  since  1973 
has  been  limited  largely  to  component  fabrication  and  to  design 
studies  being  performed  at  Los  Alamos  National  Laboratory  and 
Brookhaven  National  Laboratory.  Tne  current  advanced  reactor  designs 
utilize  Mo-UO^  fuel  and  would  allow  nigher  reactor  operating 
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teiaperatures.  National  Aeronautics  and  Space  Adninistration  and 
Department  ot  Energy  (NASA/iX)E)  design  studies  utilize  tnermoelectr ic 
power  conversion  (V  percent  efficiency)  and  can  attain  25  K/lb  at  the 
iOO-KW(e)  design  power  level  for  electronics  able  to  withstand  lO^ 
rads  of  radiation.  A ground  demonstration  system  could  be  completea 
by  1990  by  spending  approximately  $66  million.  The  Air  Force/DO£ 
(AF/UOE)  studies  have  been  completed  for  a reactor  that  utilizes 
thermionic  power  conversion  (12  percent  efficiency)  and  would  attain 
50  W/lb  at  the  l,000-kW(e))  oesign  power  level.  Because  of  the  long 
development  times  and  high  development  costs,  a national  space  reactor 
development  program  appears  to  be  required  to  produce  a flignt 
syste'n.  This  would  also  solve  the  following  dilemma: 

1.  A reactor  power  system  does  not  :.xist,  so  use  is  not  planned. 

2.  Use  is  not  planned,  so  a system  will  not  be  developed. 

The  applications  of  reactor  power  systems  to  missions  requiring  10 
kW(e)  to  1 MW(e)  are  feasiole.  Although  of  tne  missions  studied  in 
this  evaluation,  several  would  nave  benefited  from  the  use  of  a 
reactor  power  system,  its  application  was  not  mandatory  and  is  not 
expected  to  be  mandatory  until  the  1990s  because  an  alternative  solar 
array/';cttery  power  system  was  adequate  in  all  cases.  It  is  clear, 
howeve.';,  that  a certain  set  of  military  mission  requirements,  if 
eslablisiied  in  the  near  future,  could  drive  a development  program  for 
technology  readiness  prior  to  1990.  The  cost  of  such  a development  is 
seen  to  be  relatively  high  and  appears  to  cause  mission  planners  to 
select  nonreactor  power  systems  in  the  interim.  An  early  program  to 
accelerate  tne  pace  of  reactor  power  system  technology  development  is 
<ncou raged  so  that  the  possibility  of  encountering  a large  technology 
gap  is  minimized  when  firm  requirements  are  iaentified.  From  the 
evaluation  of  the  missions,  tne  lOO-kW(e)  to  megawatt  missions  require 
full  consideration  of  nuclear  power. 


REACTOR  USER  CONSTRAINTS  AND  CONCERNS 

The  space  program  using  a reactor  power  system  has  to  accommodate 
certain  constraints  and  concerns  associated  with  the  nature  of  the 
power  system.  Assuming  an  unmanned  mission,  the  areas  of  concern  are 
structural,  thermal,  nuclear  radiation,  and  safety.  The  structural 
integration  impact  aepends  largely  on  t.ia  configuration  of  the  reactor 
power  system.  The  power  system  with  its  thermal  radiator  may  be  a 
unit  that  can  be  interfaced  with  the  spacecraft  at  a given  interface 
plane  either  prior  to  launch  or  after  the  spacecraft  and  power  system 
are  separately  launchea.  If  the  mission  does  not  allow  this,  then  tne 
integration  of  the  neat  rejection  radiator  with  the  spacecraft  may  be 
more  complicated.  Tne  total  integration  may  still  be  accomplisned 
prior  to  launch,  or  the  heat  rejection  system  may  be  treated  as  a 
component  separate  from  the  reactor.  In  this  case,  tne  space  radiator 
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may  be  launcned  with  tne  spacecraft,  ana  the  separatexy  iauncned 
reactor  system  hooKed  up  in  orbit.  Figure  3 illustrates  tnese 
concepts.  One  of  the  concepts  shows  the  reactor  placed  inside  an 
existing  chaunber  as  opposea  to  being  attacned  outside.  The 
significance  of  different  integration  concepts  is  the  desirability  of 
having  a reactor  power  system  tecnnoiogy  aevelopnent  program  that  is 
not  bound  to  a particuiai  integrated  configuration  for  as  long  as  this 
lo  practical  in  the  program. 

The  radiation  aones  to  spacecraft  components  from  the  reactor  must 
be  con.:idered  along  with  the  natural  environment  ana  nuclear  weapons 
threats.  This  involves  parts  selection  and  placement  of  ccxoponents  so 
that  distance  ana  snadow  shielding  by  tanXs,  boxes,  ana  such  items  as 
storage  batteries  can  be  used  to  protect  more  sensitive  components. 
Computer  programs  are  set  up  to  nandxe  the  geometry/shielding/dose 
computations.  Reactor  radiation  test  facilities  are  expected  to  ue 
used  for  tne  verification  of  certain  components  wnere  existing  test 
data  are  not  sufficient. 

The  logic  and  rationale  for  control  of  tne  reactor  configuration 
and  tne  instrumentation  axe  required  for  d:!cision  making.  The  reactor 
start-up,  tem£>orary  snutdown,  or  final  snutdown  rationale  is 
determined  prior  to  launch.  The  spacecraft  will  oe  required  to 
control  the  electrical  power  from  tha  system  and  will  interface  with 
soioe  of  the  reactor  controls,  instrumentation,  ana  status  aata  for 
power  system  configuration  controi. 

Range  and  nucleai  safety  efforts  are  significantly  increased  with 
reviews,  documentation,  ana  liaison  with  DOt,  AF,  xud  NAbA  safety 
organizations.  Tne  uncontrolled  insertion  of  reactivity  is  of  major 
concern  under  all  possible  nonnouinai  conditions  on  tne  launch  pad, 
curing  launch,  and  in  oibit.  Tne  user  niil  provide  the  launcn  system 
and  spacecraft  system  aata  required  to  assess  the  potential  hazards 
and  tneir  probability  of  occurrence  Systems  and  procedures  will  be 
designed  to  control  potential  hazaros.  Tne  bpace  Shuttle  launch  of 
reactor  systems  is  expectea  to  require  ,';igrif icani  safety  review 
activities.  For  manned  missions,  tne  personnel  radiation  snielding 
and  tne  operations  controlling  tiazards  for  rendezvous  by  supply  craft 
are  added  concerns  for  tne  reactor  user.  The  major  reactor  user 
considerations  are  listed  in  Taole  5. 


CONCLUSIONS 

1.  The  evaluation  of  potential  military  missions  and  papers 
pubiisned  on  tne  subject  indicates  that  the  use  of  nuciear  reactor 
space  power  is  presently  not  aictated  prior  to  the  1990s.  With  the 
lead  times  required,  an  active  technology  development  program  appears 
to  be  prudent  and  desirable  for  both  unanticipated  changes  in 
near-term  mission  requirements  and  for  large  power  requirements  in 
mission  scenarios  in  the  1990s. 
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TABLE  5 Nuclear  Reactor  Power  System  user  Considerations 


1.  Structural  attachment  and  integration 

2.  Thermal  input  to  spacecraft,  heat  rejection  after  start-up, 
thermal  condition  during  launch 

3.  Reactor  radiation  dose  to  spacecraft  components,  parts  selection, 
locating  components,  and  dose  calculations 

4.  Portion  of  reactor  configuration  control  assigned  to  spacecraft, 
logic,  instrumentation,  and  rationale  for  start-up,  power 
reduction,  temporary  shutdown,  and  final  shutdown 

5.  Expanded  range  and  nuclear  safety  reviews,  documentation,  and 
liaison  witn  government  safety  organization 

6.  Personnel  radiation  safety  and  shielding  considerations  for  manned 
missions  or  manned  maintenance;  control  of  hazards  associated  with 
rendezvous  by  servicing  spacecraft 

7.  Physical  threat  survivability  associated  with  reactor 

8.  Safety  considerations  when  fairly  rapid  start-up  of  reactor  may  be 
desirable 


z.  Uncertainties  in  this  evaluation  induce  evolving  definitions 
of  threats,  response  capabilities  of  satellites,  and  subsystem  design 
requirements. 

3.  Potential  reactor  users  will  noxd  out  for  nonuse.  This 
attitude  cannot  be  stated  as  a rule  for  all  program  managers  but  is  a 
tendency  resulting  from  the  users'  perception  of  the  possible  risks 
they  will  nave  to  face  when  selecting  a reactor  power  system, 
particularly  tnose  in  the  following  areas: 

o Development  risx;  Tne  solar  array/battery  technology  is  older, 
well  established,  and  more  familiar.  What  availability  can  be  counted 
on? 

o Safety  implications:  The  safety  requirements  and  review 

procedures  are  well  established,  but  feedback  front  the  reviews  by  a 
number  of  reviewing  agencies  will  provide  system  design  "help"  and 
less  control  for  tne  program  manager. 

4.  The  reactor  power  system  user  will  probably  nave  to  get  a 
significantly  high  payofr  for  the  selection  as  opposed  to  a slight 
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advantage  over  an  alternative  power  source.  This  will  overconte  the 
use  resistance  threshold. 
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FIGURE  2 Nuclear  reactor  power  system  technology. 
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A number  of  government  igencies  have  expressed  interest  in  the  development  of  'ightwcight,  high- 
energy  density  nuclear  fission  reactors  with  possible  utility  In  a variety  of  aerospace  and  terrestrial  ap 
plications.  The  National  Research  Council's  Committee  on  Advanced  Nuclear  Systents.  formed  under 
the  ausrsices  of  the  Commission  on  Engineering  and  Technical  Systems'  Energy  Engineering  Board,  has 
undertaken  an  assessment  of  the  state  of  the  art  of  advanced  nuclear  fission  reactor  systems.  The  Com- 
mittee's Symposium  on  Advanced  Compact  Reactor  Systems,  an  important  element  of  this  assessment. 
IS  intended  to  bring  together  the  potential  users  of  such  systems  with  their  developers  and  those  who 
form  policy  affecting  them  The  committee  will  publish  the  proceedings  of  the  symposium  as  a contri- 
bution to  the  literature,  and  will  take  the  information  and  views  expressed  at  the  symposium  into  con- 
sideration in  writing  its  final  report. 


STEERING  COMMIHEE 

The  symposium  sessions  were  planned  and  organiaed  by  the  Committee  on  Advanced  Nuclear  Systems 
JOHN  M.  DEUTCH  (Chairman).  HAROLD  M.  AGNEW,  ROBERT  AVERY.  HERBERT  GOLPSTEIN. 
NICHOLAS  J.  GRANT,  HAROLD  W.  LEWIS,  NORMAN  C.  RASMUSSEN.  HENRY  E STONE,  DAVID 
A.  WARD,  and  ROBERT  H.  WERTHEIM 


PROGRAM 


Mondty,  November  15,  1982 


8.00  a.m.  

Registration 

8:30  a.m. 

We'coming  remarks  by  JOHN  M.  DEUTCH.  Chairn  jn,  Corr.mittee  on  Advanced 
Nuclear  Systems 

8:40  a.m. 

Session  1 : Potential  Mission  Requirements  for  Compact  Nuclear  Reactors  in  Terrestrial  and 
Aeronautical  Applications  (classified) 

• Introductory  Remarks  by  HAROLD  M.  AGNEW,  session  chairman 

• Army  Requirements  as  Th^y  Relate  to  Possible  Use  of  Compact  Reactor  Systems 

Speaker  J.  GORDON  PRATHER,  Deputy  for  Science  and  Technology  Systems. 
Office  of  the  Deputy  Assistant  Secretary  of  the  Army  (Research.  Development, 
and  Systems) 

• Advanced  Naval  Air  Vehicles:  Nuclear  Considerations 

Speaker:  ROBERT  H.  KRIDA,  Manager  of  Advanced  Scientific  Studies,  Naval  Air 
Systems  Command 

• Nuclear  Power  for  Deep  Basing  of  Missiles 

Speaker:  LT  COL  JAMES  LEE.  Chic',  Nuclear  Power  Branch,  Air  Force 
Weapons  Laboratory 

10:15  a.m. 

BREAK 

1 0: 30  a.m.  


Session  2:  Potential  Mission  Requirements  for  Nuclear  Reactors  and  Alternatives  in  Space 
Power  and  Propulsion  Applications  (classified) 

• Introductory  Remarks  by  ROBERT  H WERTHEIM.  session  cnairman 
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• Outlook  for  Spxt  Nucloar  Poinor  Dtvolopmoftt 

Speaker  GORDON  L CHfPMAN  JR  , Otputy  AinManl  Sacritify  of  Eotrgy 
(BcMdo  Reiclo.  Ptogiami) 

• PotOf}lisl  NASA  HoQuirtmonn  for  Sptc*  Nuclot'  ftooclorj 

Spctkef  JACK  L KERR^BROCK.  Aiiociat*  Adminiitrilor  for  Attonautict  *od 
Space  Tactrnology.  National  Aeronautics  arnf  %uct  Administration 

• Pottntitl  Military  Miaion  Raquiramtnti  for  Space  Nuc>tar  Rtacl^n 

Speaker  COL  THOMAS  J CODY.  JR  . Deputy  Commander,  Detaefttrsant  1. 
Space  Di  'ision.  U S Air  Force  Systems  Commarx) 


12:30  p.m 

Lurrch 

1:2Sp.m. 

Sassion  2.  continued 

• Ponniisl  Raquirttntnti  for  Space  Nucittr  Ponvtr  in  futurt  kliluary  Uiutor^ 

Speaker  ROBERT  BARTHELEMY  Manager,  Space  Thrust,  Air  Force  Wnght 
Aerurautical  Latxsratories 

• Tp*  Mill’ try  Raquirtmtnt  Othnition  Procats  for  Spac*  Suclaar  Powar  Tachr^logy 

Speaker  LCDR  WILLIAM  L WRIGHT,  Program  Manager,  Directed  Energy  Office, 
Defense  Advanced  Research  Protects  Agency 

• Potential  Space  Borne  Nuclear  Poeter  Ap^'iretio.it  Comments  and  Questions  from 
A Spaceccafr  Sysrami  Design  Standpoint 

Speaker  JOHN  A LOVE,  Special  Assistant  to  the  Director  of  Missions  and  Systems. 
TRW  Space  and  Technology  Group 

3 2S  p.m. 

Break 

3:40  p.m.  

Sessron  2.  continued 

• Space  Nuclear  Poerer  Applications 

Speaker  RICHARD  V ELMS.  SEP  Solar  Array  Pro|er,  Leader.  Space  Systerm 
Division,  Lockheed  Missiles  and  Space  Co.,  Inc 
a Future  Military  Space  Power 

Speaker  ALLEN  PETERSON.  Cochairman  JASON  Group  Panel  on  Future  Military 
Space  Power 

5:00  p.m  

Adiourrrment 

5 00- 

6:00  p.m. 

Reception  lor  committee  and  attender  s 


TiteUay,  Novembet  16,  1112 

8 00am  . 


Reg  ttration 
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Sanion  3.  Currmt  Ttrhnologicsl  Conctptt  for  Sptct  Powtr 

• Intioductory  Remaiks  by  HENRY  E STONE,  tnsion  cbairmin 

• • Ridioiiotope  Thtrmtf  Ctntrsion  tnd  1 hermotltctnc  Convtfsion 

Spejkrt  GERHARD  STAPFER.  Group  Supervisor.  Nuclear  Thermal  to  Electric  Power 
Group.  Jet  Propulsion  Laboratory 

• A New  G0ntrnion  of  RMCtDri  for  Space  Power 

Speaker  .lAY  E BOUDREAU.  Deputy  Associate  Director  for  Nuclear  Progtaminj. 

Los  Alamos  National  Laboratory 

• Some  High  Tempers  tore  R esc  tor  Techrtologies 

Speaker  HAROLD  J SNYDER.  Manager  of  Nuclear  and  Chemical  Engineering. 

GA  Technologies  Inc 

10:50  a m 


Break 


11:05  a.m. 


Saition  3.  continued 

• Psrticle  Bed  Reactors  sod  Relried  CorKeptr 

Speaker  JAMES  R POWELL.  Head.  Reactor  Systems  Office.  Department  of  Nuclear 
Energy.  Brookhaven  National  i aboratory 

• Experience  with  Gss  Coofed  end  L ■guid  UetsI  Cooled  High- Tempersture  Nucfesr 
lesctor  5>  stems 

Speaker  RICHARD  E MORGAN.  Manaoer,  Advanced  Reactor  Projects.  Westinghouse 
Advanced  Reactors  Division 


12:30  p.m 


Lunch 


1:30  p.m 


Session  3.  continued 

• Txhnologicsl  Imphestions  of  SNAP  Reactor  Development  for  Future  Space  Nuclear 
Power  Systems  Activities 

Speaker  R V ANDERSON.  Program  Development  Manager,  Advanced  Systems. 
Energy  Systems  Group,  Rockwell  International 


2:15  p.m 


Session  4:  Safety  and  Regulatory  Issues  Raised  by  Space  Applications  of  Nuclear  Heactors 

• Introductory  Remarks  by  NORMAN  C RASMUSSEN,  session  chairman 

• Space  Reactor  Safety  Strategy 

Speaker  PAUL  NORTH.  Division  Manager.  Water  Reactor  Rcsearrh  Test  Facilities. 
EG&G  Idaho.  Inc 

• Regulatory  Implications 

Speaker  MANNING  MUNTZING.  Doub  and  Muniamg 


3:40  p.m.  

Break 

4: 20  p.m  


Session  4.  continued 
• Safety  Through  Technical  Integrity 

Speaker  WILLIAM  WEGNER.  Associate.  Basic  Energy  Technology  Associates 
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• Proctduras  tor  Stcunng  Cletrtnce  to  LaurKh  Ratctors 

Speaker  THOMAS  KEPR,  NASA  Coordinator  of  ttre  Interagency  Nuclear  Safety 
Review  Panel 

5:40  p.nr.  

Adiournment 

5:45- 

6:45  p.m. 

Reception  for  committee  and  attendees 


WcdnMday,  November  i,',  1382 

8:00  a.m.  

Session  5:  Outstanrling  Ramtrch  and  Davatopmant  tttuas 

• Introductory  Remarks  by  HERBr''T  GOLDSTEIN,  session  chairman 

• Stawt  of  Haat  Pipa  Tachnology 

Speaker  WILLIAM  A.  RANKEN,  Project  Manager,  Los  Alamos  National  Laboratory 

• Hafrtetory  Matafs  tor  Nuclear  Spaca  Powar  and  Propulsion  Applications 

Speaker:  ROGER  PERKINS.  Senior  Member,  Lockheed  Palo  Alto 
Research  Laboratory 

• High-  Tamparatura  Puals  for  Advarxad  Nuclaar  Systems 

SpeaLe'  JAMES  F WATSON.  Director,  Materials  and  Chemistry  Division, 

GA  Trcnnologies,  Inc. 

10:05  a.m. 

Break 

10:15  a.m. 

Sesuon  5,  continued 

• Power  Generation  from  Nuclear  Reactors  in  Aerospace  Applications 

Speaker:  ROBERT  ENGLISH.  Senior  rfesearch  Associate,  NASA  Lewis 
Research  Center 

• Neutron  Physics  of  Reactors  fo.  Use  in  Spaca 

Speaker  HERBERT  J.  C.  KOUTS.  Chairman.  Department  of  Nuclear  Energy, 
Brookhaven  National  Laboratory 

• Spaca  Reactor  Shielding 

Speaker.  DAVID  BARTINE,  Head.  Reactor  Analysis  and  Shielding  Section, 
Engineering  Physics  Division,  Oak  Ridge  National  Labora>jry 

12:30  p.m. 

Lunch 

1:20  p.m. 

Session  5,  continued 

• CorKaptual  Darigns  for  lOO-Magawatt  Space  Radiators 

Speaker  JOHN  A.  SULLIVAN,  Acting  Program  Manager  for  Space  Reactors, 

Los  Alamos  National  Laboratory 

2:00  p.m.  


Adjournment 


PARKING 

Parking  is  not  available  at  the  National  Acadetny  of  Sciences  building.  The  nearest  parking  facilities  are’ 


Colonial  Parking  on  20th  Street  and  Virginia  Avenue.  N.W.  (Between  E and  F Streets) 

Oilumbia  Plaza  on  23rd  and  Virginia  Avenue,  N.W. 

George  Washington  University's  Marvin  Center  on  H Street  N.W.,  between  21st  an-t  22nd  Streets 
George  Viashington  University's  Parking  Garat>!  on  I Street  between  22nd  and  23rd  Streets 

IDENTIFICATION  BADGES 

Each  participant  will  be  issued  one  identification  badge  for  use  during  all  three  days  of  the  symposiui... 
The  badge  will  serve  for  entry  to  sessions  and  other  functions,  including  lurtch. 

LUNCH  ARRANGEMENTS 

Registered  participants  and  attendees  will  be  served  lunch  in  the  National  Academy  of  Sciences  refectory 
at  the  times  indicated  on  the  agenda.  Name  badges  will  be  required  for  admittance. 

MESSAGE  CENTER 

Incoming  calls  to  symposium  participants  should  be  directed  to  (202)  334-2497.  Messages  received  will 
be  posted  on  the  bulletin  board  at  the  entrance  to  the  auditorium.  It  will  not  be  possible  to  page  par- 
ticipants during  the  symposium  sessions. 

AODITIDNAL  INFORMATIDN  MAY  BE  DBTAINED  FRDM: 

Oincan  M.  Brown 

Staff  Officer,  Energy  Engineering  Board 
National  Research  Council 
2101  Constitution  Avenue,  N.W. 

Washington,  D.C.  20418 
(2021  334  3344 
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